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Abstract
It is no exaggeration to state that the low-loss optical fibre has revolutionised the way in
which we as a society lead our lives. The transfer and management of vast tracts of data
generated minute by minute world over is only possible due to the development of the
optical fibre and corresponding optical amplifiers, necessary for the implementation of
telecommunications networks over large distances. Outside of the telecommunications
sphere, the optical fibre has also made a huge impact on the laser market in the past
three decades, due to the inherently robust nature and alignment-free operation of fibre
based devices. Fibre lasers have now penetrated into themanufacturingmarket, and are
finding increasing applications in numerous areas frommedicine to defence.
Typical fibre laser sources are constrained to operate in the emission bands of com-
mon rare-earth dopants, such as, ytterbium, erbium, or thulium. However, it is possible
to extend the spectral coverage of standard fibre lasers through nonlinear conversion
techniques. The temporal properties of pulsed laser sources, can be similarly manip-
ulated, through the combined management of nonlinearity and dispersion. The work
presented in this thesis is based upon these two themes of spectral and temporal diver-
sity.
Firstly, I will examine fibre-based parametric wavelength conversion, demonstrating
fibre laser sources in the visible andnear-visible spectral regions, suitable for bio-photonics
imaging applications. Secondly, I will look at fibre-based nonlinear chirped pulse ampli-
fication, in particular, the design and implementation of a femtosecond ¹J level source
for future experiments in nonlinear optics. Both areas of research are tied together by the
common thread of utilising new and emerging optical fibre based technology for nonlin-
ear wavelength conversion.
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1 Introduction
1.1 Thesis overview
It has been over half a century since the first experimental demonstration of the laser; the
stimulated emission of radiation from Cr3Å in corundum, or ruby, by T. Maiman at the
beginning of the 1960s [Mai60]. A year later the first fibre laser, based on a Nd3Å-doped
glass fibre as the active medium, was demonstrated by E. Snitzer [Sni61a, Sni61b]. Since
these early pioneering experiments, generations of researchers and scientists havemade
incredible progress in laser science, the results of which are highlighted in the spectral
and temporal diversity of laser sources now available. Lasers have become ubiquitous
tools in areas as diverse as medicine, manufacturing and defence, with the world-wide
laser market estimated to be worth greater than $9 billion (USD) in 2014 alone [su214].
However, even though lasers nowfindwidespreaddeployment across suchdiffering fields,
there is an ever increasing drive to create sources at new wavelengths, with greater effi-
ciencies and at lower costs to the end-user.
This thesis details research undertaken in the Femotosecond Optics Group on the de-
velopment of fibre laser sources in the period 2011-2014, combining new and emerg-
ing optical fibre-based technologies with established nonlinear optical conversion tech-
niques, in both the spectral and temporal domains. The thesis is broadly divided along
two lines of work: parametric wavelength conversion in optical fibres, and nonlinear
chirped pulse fibre amplification.
The first of these topics, parametric wavelength conversion, is an attractive route to
producing radiation at target wavelengths throughout the spectrum, with bulk para-
metric devices now common tools in laboratories used for a wide variety of applica-
tions [Dun99]. Fibre-based parametric sources are less well-developed and widespread,
due in part to the difficulties with managing the dispersion and nonlinearity when de-
signing fibre-based devices. These issues and others are examined in detail in Chapter 2,
followed by results of the experimental realisations of fibre parametric sources in Chap-
ter 3. The parametric research programme was particularly aimed at producing pulsed
picosecond–nanosecond sources in the near-visible and visible, a temporal and spectral
region of interest to bio-photonic imaging applications, including Stimulated Emission
Depletion (STED) microscopy, and Coherent Anti-Stokes Raman Scattering (CARS) mi-
20
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croscopy. Both of these research fields are very active areas of research, with the recent
Nobel prize in Chemistry in 2014 being awarded to S. Hell for his work in proposing and
developing STEDmicroscopy [Hel94].
The othermain topic of this thesis, the development of a high average power Yb-based
chirped pulse amplifier system, is described in Chapter 4. In particular, the system was
commissionedwith the aimof producing¹J level pulses; targeting femtosecondduration
pulses at 10s of Watts of average power at MHz repetition rates. This is an energy level
of interest for planned experiments in nonlinear optics experiments involving gas filled
photonic-crystal fibres (PCF) [Rus14, Bel14].
The two areas of research, though initially appearing quite disparate, are linked by
their common use of recent advances in laser technology; including developments in
the fibre, semiconductor and bulk fields, to design and implement novel laser sources.
The remainder of this chapter presents the background theory needed for the rest of this
thesis, and reviews the key concepts of the enabling technologies behind the lasers pre-
sented in later chapters. Section 1.2 presents the propagation of light in an optical fibre,
in both the linear and nonlinear regimes. This is followed in Section 1.3 by a brief review
of the nonlinear effects available from bulk-crystals, in particular second-harmonic gen-
eration (SHG). Finally, the technological developments from recent decades which have
enabled the development of the sources presented herein, namely: high power fibre am-
plifiers and photonic-crystal fibres (PCF), are presented in Section 1.4.
1.2 Light propagation in fibre
1.2.1 Linear propagation
Starting from Kao and Hockham’s seminal work in 1966 entitled Dielectric-fibre surface
waveguides for optical frequencies, the optical fibre has transformed the world that we
live in [Kao66]. Optical fibre networks now form the backbone of communications net-
works world-over, but a basic understanding of the propagation of light through optical
fibre can be understood from a simple ray-optics model.
An illustration of a typical step-index optical fibre is shown Figure 1.1 (a). The fibre
is known as step-index, due to it’s step refractive index profile, shown in Figure 1.1 (b).
Typically, both the core and cladding regions of the fibre are made of the same material,
most frequently silica, although other more exotic host glasses with different transmis-
sion properties are possible [San02]. The small refractive index difference between the
core and cladding regions in a practical fibre is typically on the order of a few percent,
and achieved through the inclusion of dopants in the core region, such as germania,
phosphorus and/or alumina [Agr08].
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nco ncl n
r
Figure 1.1: (a) An illustration of a light ray, incident at an angle µi to the
normal of the fibre face, propagating through the core through total-internal
reflection (TIR). The propagation constant ¯, transverse wavevector kt and the
wavevector ncok0 of a ray in the core region is also indicated. (b)Corresponding
refractive index profile for the fibre where nco > ncl .
The guidance of the signal through the fibre can be understood through the mecha-
nism of total-internal reflection (TIR). Provided that the angle of the incident ray µi , is
greater than the critical angle µc , defined as
µc Æ sin¡1 ncl
nco
, (1.1)
then the propagating ray will be fully reflected at the core/cladding boundary; nco and
ncl are the refractive indices of the core and cladding respectively. Through the appli-
cation of Snell’s law, it is possible to derive an expression for the maximum acceptance
angle for a ray of light incident on a fibre at an angle µa , given by
µa Æ sin¡1NAÆ 1
no
q
n2co ¡n2cl (1.2)
where n0 is the refractive index of themedium surrounding the fibre [Sal07]. The numer-
ical aperture (NA) of a fibre defines the acceptance cone of the core region - the range of
angles over which incident light rays will propagate through the core region by TIR.
Guided modes
The ray-optics model is useful as a first approximation to provide an intuitive feel for the
propagation of light in a fibre waveguide. However, this representation gives us no infor-
mation about the modes of the waveguide, important for understanding the complete
picture of light guidance in optical fibres. For a more detailed analysis, it is necessary
to make use of Maxwell’s equations governing electric andmagnetic fields, coupled with
the boundary conditions imposed on the fields by the fibre geometry.
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Figure 1.1 indicates a ray travelling through the core region, with the propagation
constant ¯, and the transverse wavevector component kt , defining the direction of rays
propagating in thewaveguide, given byncok0. It is possible to define a similarwavevector
for rays propagating in the cladding, replacing nco with ncl . The propagation constant ¯,
is related to the electric field E, in the fibre by
E(x, y,z, t )ÆX
m
am(z)v
(m)(x, y)exp(i (¯(m)z¡!t )) (1.3)
where x and y are the transverse co-ordinates across the fibre, z is the axial position along
the length of the fibre, v(m)(x, y) is the transverse electric field, ¯(m) is the propagation
constant and! is the frequency, with them index denoting themode in question [Zol12].
As the propagation constant ¯, is constant in any medium with a given refractive index
n, it is possible to place constraints upon the wavevector illustrated in Figure 1.1 as
k2t Å¯2 Æ n2k20 (1.4)
where n is the local refractive index in either the core or cladding, and the other pa-
rameters take their previous definitions. Through the correct choice of ¯, the transverse
wavevector, kt can be made to be imaginary, i.e., decaying in the cladding region and
real, i.e. non-decaying in the core. This situation represents a guided core mode. For
this to occur nclk0 Ç¯Ç ncok0. From this inequality it is clear that there will be a limited
range of solutions for ¯, known asmodes.
Typically, for a fibre with a core diameter much greater than the wavelength of the
light propagating through it, there will be multiple transverse electric fields that satisfy
equation 1.3; such a fibre is known to be multi-mode. By decreasing the size of the core,
it is possible to make the fibre operate in the single-mode regime. To determine the
number of the modes guided in a fibre, it is possible to make use of the V parameter, or
normalised frequency V , given by
V Æ 2¼
¸
a
q
n2co ¡n2cl (1.5)
where the refractive indices nco and ncl take their previously defined definitions, ¸ is the
wavelength of light and a is the core radius of the fibre [Glo71]. For values of V below
2.405, the fibre will only support one transverse mode per polarisation axis, and hence
is known as single-mode. From equation 1.5, it is possible to see that the number of
modes a fibre supports is only related to the core size and the NA of the fibre, defined in
equation 1.2. Therefore, through adjustment of these parameters, it is possible to alter a
fibre’smodal properties. However, there are restrictions, partly due to themanufacturing
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tolerances on the refractive index difference between cladding and core, and partly due
to the increase of bend losses experienced when reducing the NA, to which the modal
behaviour can be freely engineered. PCFs, discussed in section 1.4, can provide more
flexibility than standard fibres in this respect.
Dispersion
The discussion so far involving the refractive index n, has neglected its inherent fre-
quency dependence, n(!). This dependence, whichmanifests itself as dispersion, is cru-
cial to understanding the rich tapestry of nonlinear optical effects in fibre. Dispersion in
optical fibre can nominally be separated into three distinct categories:
• Material - due to the functional dependence of n(!), different frequencies of light
experience different phase delays in a fibre.
• Waveguide - due to the frequency dependent electric field distribution within the
fibre waveguide. Typically, the field in the cladding will be non-zero, and so the
modewill experience a combination of the refractive index of the core and cladding
regions. This effect can be used to significantly alter the dispersion curve of fibres
from that of the equivalent bulk material.
• Modal - different modes in a fibre experience different group velocities, and hence
different amounts of dispersion.
To explore dispersion in more depth, it is necessary to examine the propagation con-
stant of light propagating in a fibre, defined as
¯Æ ne f f
2¼
¸
Æ n(!)!
c
(1.6)
where ne f f is the effective refractive index, k0 Æ 2¼¸ is the wave-vector, ! is the angular
frequency and c is the speed of light. ¯ is also known as the phase constant of the waveg-
uide, as it describes the relative delay that light propagating in the waveguide will expe-
rience due to ne f f . The effective index describes the refractive index that a mode propa-
gating in the fibre experiences, due to contributions from both the material, waveguide
and modal dispersion. Due to the frequency dependence of ne f f , we can expand the
propagation constant about the central frequency of interest !0 using a Taylor series
¯(!)Æ n(!)!
c
Æ¯0Å¯1(!¡!0)Å 1
2
¯2(!¡!0)2Å¢¢ ¢ (1.7)
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where ¯i represents the i th order dispersive term, defined as
¯i Æ
µ
dm¯
d!m
¶
!Æ!0
(1.8)
withm Æ 0,1,2,3.... The ¯1 term in equation 1.7 contains the group velocity of the pulse;
the velocity at which the envelope of the pulse propagates at. The ¯2 term is responsi-
ble for intra-pulse broadening effects, known as the second order dispersion or group-
velocity dispersion (GVD). The higher order terms,m È 2, can often be neglected - how-
ever they become important for ultra-short pulse propagation, and also for phase-matching
in four-wave mixing (FWM) processes in more exotic fibre structures, discussed in more
detail in Chapter 2.
In general, the sign of the ¯2 parameter defines the regime of dispersion in which a
pulse is propagating. For positive ¯2, the pulse is said to propagating in the normal dis-
persion regime, and the higher frequency (blue) components of a pulse will travel slower
than the lower frequency (red) components of the pulse. For negative ¯2, the pulse is
said to propagating in the anomalous dispersion regime, and the higher frequency com-
ponents (blue) will travel faster than the lower frequency components (red). Pulses prop-
agating in a dispersive environment can thus acquire a frequency-chirp, that is, a time de-
pendence to the instantaneous frequency across the pulse. An initially un-chirped pulse
propagating in a dispersive environment, normal or anomalous, will always undergo dis-
persive broadening. However, when combined with nonlinear effects, discussed in sec-
tion 1.2.2, the combined effects of nonlinearity and either positive or negative dispersion
results in dramatically different outcomes.
1.2.2 Nonlinear propagation
Tounderstand the origin of nonlinear optical effects in fibre, it is necessary to useMaxwell’s
equations to examine how light propagates in amaterial. In a dielectric mediumwith no
free charge or current, the wave equation describes the relationship between an electric
field E, and the polarisation density of the material P, as follows
r2EÆ¡ 1
c2
@2E
@t2
¡¹0 @
2P
@t2
(1.9)
where c is the speed of light in a vacuum and ¹0 is the vacuum permeability of free
space [Agr08]. This equation describes the response of the polarisation of electrons in
amaterial to a driving electric field; in effect the electron cloud around an atom is driven
by the E field of the incident light, causing an induced polarisation P. The electron cloud
then constitutes an oscillating dipole and hence, will re-radiate light at the driving fre-
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quency of the E field. At low E field intensities, the induced polarisation responds in a
linear fashion to the driving field. However, at higher intensities, the electrons are driven
into an-harmonic oscillations, modifying the polarisation term as follows
PÆ "0
µ
Â(1) ¢EÅÂ(2) :EEÅÂ(3)...EEEÅ . . .
¶
(1.10)
where Â(i ) is the i th order susceptibility, P and E take their previously definitions and
"0 is the vacuum permittivity. The i Æ 1 term represents the linear response of P to the
incident light; it is the dominant contribution to P and contains information about the
refractive index n, and the loss ®. The i Æ 2 term contains the second order nonlinear
effects, only observed in non-centrosymmetric media, including second harmonic gen-
eration (SHG) and sum/difference frequency (S/DFG). SHG is discussed in more detail
in section 1.3. The i Æ 3 term is of most relevance to nonlinear optics in fibre, and causes
effects such as FWM, third-harmonic generation and nonlinear refraction.
Nonlinear refraction
Nonlinear refraction is perhaps themost fundamental of the Â(3) effects, andmost of the
nonlinear effects in fibre arise from, or are related to, the intensity dependent refractive
index change. We can write the refractive index as
n˜
¡
!, jE j2¢Æ n (!)Ån2jE j2 (1.11)
where n (!) is the linear refractive index, as described in section 1.2.1, n2 is the nonlinear
refractive index and E2 is the optical intensity in the fibre. Thus, an intense electric field
will modify the local refractive index of the material.
Self-phase modulation
A direct consequence of equation 1.11 is the phase shift accompanying amodification of
the refractive index of amaterial, first observed in solid-core optical fibre in 1978 [Sto78].
There are two forms of this phase shift: self-induced by a pulse on itself, known as self-
phase modulation (SPM), or induced by another intense pulse, known as cross-phase
modulation (XPM). The self-induced nonlinear phase shift for a pulse can be expressed
as follows
ÁNL Æ n2jE j2k0L (1.12)
wheren2jE j2 is the nonlinear contribution to the refractive index, defined in equation 1.11,
k0 is the wave-vector and L is the fibre length. This phase-shift, in turn, can lead to the
modification of the spectral content of the pulse. These spectral components are created
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Figure 1.2: ApicosecondGaussian pulse, black, and the associated self-phase
modulation (SPM) induced frequency chirp across the pulse.
due to the time-dependence of ÁNL , i.e., the change in phase across the pulse implies a
change in frequency. Therefore, as ÁNL increases, so will the spectral bandwidth of the
pulse (for the case of an initially un-chirped pulse). Thus, an initially un-chirped pulse
which undergoes SPM will develop a frequency chirp, or a time-dependence to the in-
stantaneous frequency across the pulse. This is shown in Figure 1.12, where a Gaussian
shaped pulse has undergone SPM, with the corresponding chirp highlighted by the grey
curve.
In Figure 1.2, any dispersive effects have been neglected. However, in reality optical
fibres will either exhibit normal or anomalous dispersion, as discussed in section 1.2.1.
The dispersion regime in which the pulse is propagating has a significant impact on the
effect that SPM will have on a pulse. For example, in the normal dispersion regime,
pulses can undergo significant spectral broadening and generate a corresponding lin-
ear chirp, which can be utilised for pulse compression [Sha82]. This technique is ex-
ploited in Chapter 4. Alternatively, in the anomalous dispersion regime, the dispersion
and SPM can compensate each other, resulting in the formation of self-stabilising soli-
tons [Has73, Mol80].
Four-wave mixing
FWM belongs to a class of nonlinear effects known as the parametric effects. These in-
volve themodification of amaterial’s parameters, such as the refractive index, to provide
the nonlinearity. FWM arises from the Â3 term in equation 1.10, identical to the origin
of SPM and XPM, and was first observed in optical fibre in 1974 [Sto74]. However, unlike
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Figure 1.3: Illustration of frequency components involved in dual and single
pump four-wave mixing (FWM). Green - pump, red - Stokes, blue - Anti-Stokes
frequencies.
SPM/XPM, where there is only one/two discrete interacting electric fields, in FWM there
are four interacting fields. In a quantum mechanical sense, FWM can be thought of as
the annihilation of two photons to create two new photons. We can describe this as
!1Å!2 Æ!3Å!4 (1.13)
where !i (i Æ 1,2,3,4) represent the frequencies of the interacting waves. Due to the dif-
ferent frequencies of the waves involved, efficient FWM will only occur if the process is
phase-matched. Phase-matching is achieved through minimising the phase mis-match
¢k, defined as
¢k Æ¯3Å¯4¡¯1¡¯2 (1.14)
where¯i (i Æ 1,2,3,4) represent the propagation constants of each interactingwave in the
fibre involved. The steps required to efficiently phase-match FWM are discussed more
in Chapter 2.
FWM in fibre canmanifest itself in different ways, depending on the degeneracy of the
interacting waves. For the work in this thesis, the most relevant is that of degenerate-
pump (single-pump) FWM. This is shown in Figure 1.3 along with an illustration of non-
degenerate pump (dual-pump) FWM. In the single-pump case, sidebands, named the
Stokes (red) and anti-Stokes (blue), are generated symmetrically in frequency around
the pump frequency. Another permutation of FWM is fully-degenerate FWM, or phase-
conjugation [Yar77]. The generated parametric waves have the same phase, amplitude
and frequency to the input, but a reversed direction. The process of FWM, in particular
pump-degenerate mixing, is discussed in detail in Chapters 2 and 3.
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Figure 1.4: Normalised Raman gain spectrum for silica fibre, calculated as
per [Hol02]. Pump and Stokeswaves are co-polarisedwith respect to each other.
Stimulated Raman scattering
The nonlinear interactions discussed so-far have all been a direct result of the modifi-
cation of the local refractive index, known as the Kerr effect. All of these processes are
elastic, in the sense that there is no active energy exchange with the medium. There
is another class of nonlinear optical effects, involving inelastic processes, in which the
medium plays a more active role. Raman scattering is an example of such an inelastic
process, named after its discovery by C.V. Raman almost a century ago [Ram28].
Raman scattering is the frequency downshifting of radiation incident upon amaterial,
where the frequency downshift is related to the vibrational levels of the medium in use.
Typically in spontaneous Raman scattering, only a small amount of the incident light is
transferred to the shifted Stokes wave. However, if an intense pump wave is used, the
process can become stimulated, and a much larger amount of the incident light can be
converted, this process is known as stimulated Raman scattering (SRS).
In silica based optical fibres, themolecular structure is non-crystalline; the vibrational
bands of the silica molecules spread out over a range of frequencies and create a broad
gain curve. SRSwas first observed in optical fibre in 1972 [Sto72], following earlier reports
in the 1960s of SRS in bulk crystals and organic liquids [Eck62, Eck63]. The Raman gain
spectrum for silica fibre is plotted in Figure 1.4, calculated as described in [Hol02]. Such
a broad gain spectrum has many applications, including the implementation of broad
band telecommunications amplifiers [Isl02], the nonlinear conversion of laser sources to
other wavelengths [Sto72], and the creation of Raman-solitons, an essential component
to ultra-wide supercontinuum generation in optical fibre [Dia85, Mit86].
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In contrast to FWM, where phase-matching conditions must be carefully considered
to generate efficient FWM, in SRS the process is self-phase matched by the vibrational
levels of the medium in use. A pertinent question with regards to this thesis then, is
which nonlinear effect will dominate, SRS or FWM. Generally, the relative gain for FWM
is higher than that for SRS, so provided that phase-matching is satisfied, FWMwill dom-
inate [Agr08]. However, as will be seen in Chapter 3, SRS can often be a limiting factor in
implementing FWM based devices.
Brillouin scattering
Raman scattering is the interaction of optical photons with optical phonons. There is
a related effect, Brillouin scattering, which involves the interaction of incident photons
with acoustic phonons. The difference in phonons involved in the interaction has a dra-
matic effect on the outcome. In contrast to the wide gain bandwidth of SRS, with a peak
at 13.2 THz from the pump frequency in silica fibres, the Brillouin gain has a correspond-
ing frequency shift of between 10-20 GHz, with a gain bandwidth of 50–100MHz [Agr08].
StimulatedBrillouin scattering (SBS), results in the creation of an acousticwave through
the process of electrostriction. This acoustic wave sets up a Bragg grating in the fibre,
which causes incident pump light to scatter. Due to momentum and energy conserva-
tion, this scattering process takes place primarily in the backward direction. The physi-
cal manifestation of SBS is the back reflection of pump light down the fibre towards the
source. SBS can therefore be a danger in experiments, as it can cause the majority of the
pump light to be re-directed to the laser source, potentially damaging optical compo-
nents and amplifiers.
SBS has been mentioned for completeness, but was not considered in this work fur-
ther. SBS is predominately an issue in continuous-wave (CW) laser systems with narrow
spectral linewidths, due to the narrow Brillouin gain spectrum. All of the pump systems
in this thesis were pulsed sources, and had corresponding broader spectral linewidths
which negated the effects of SBS.
1.3 Bulk nonlinear effects
The majority of work in this thesis concerns nonlinear optics in fibre, as introduced in
Section 1.2.2. However, some of the systems presented in Chapter 3 make use of Â(2)
based nonlinear effects, in particular SHG. As such a brief introduction into these effects
will be provided.
The Â(2) analogue of the Â(3) parametric processes are ones which involve three in-
teracting waves, instead of four. Â(2) processes were in fact studied before fibre based
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Figure 1.5: Second harmonic generation intensity against crystal length,
different phase-matching conditions highlighted in the legend; Non-PM: no
phase-matching, PM: phase-matched perfectly, QPM-approx: quasi-phase
matched approximation.
effects, due to the higher nonlinear coefficients available with bulk crystals over fibres.
The first observation of such an interaction was in 1962 by Franken et. al, reporting SHG
of a pulsed ruby laser in a bulk quartz crystal [Fra61]. In this first report, no effort was
made to phase-match the process and the produced harmonics were at very low power
levels. In the same fashion as FWM, phase-matching must be satisfied in the nonlinear
medium in order to efficiently observe the nonlinear process. For a three wave process
in a bulk nonlinear medium, wemay write
!1 Æ!2Å!3 (1.15)
with a phase-mismatch ¢k given by
¢k Æ k1¡k2¡k3 (1.16)
where !i represents the frequencies of the interacting waves, and ki the corresponding
wavevectors. Inspection of equation 1.15 indicates there are different permutations pos-
sible, dependent on the frequencies of the input waves and the phase-matching in the
material. These include DFG and SFG; the addition or subtraction of two photon ener-
gies to create either a lower or higher frequency photon, or SHG; a specific case of SFG,
where the two photons to be combined have the same frequency.
Phase-matching in nonlinear crystals can be broadly split into two categories: bire-
fringence based techniques, including critical and non-critical phase-matching [Gio62,
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Mak62], and quasi-phase matching (QPM) [Arm62], involving the periodic poling of a
material to allow the efficient build up of nonlinearity. Regardless of the phase-matching
method used, the SHG intensity in a crystal of length L can be expressed as
ISHG / L2 sinc2
µ
¢kL
2
¶
(1.17)
where ¢k is the phase-mismatch. Figure 1.5 shows the theoretical SHG intensity possi-
ble over a given crystal length for different phase-matching conditions. In the perfectly
phase-matched case, ¢k Æ 0, the intensity is proportional to the crystal length squared.
Typically, such phase-matching can be achieved through either critical or non-critical
phase-matching. In the non-phase matched case, the SHG intensity oscillates as the
interacting waves slip in and out of phase with each other. The length over which this
oscillation occurs is equivalent to twice the coherence length of the interacting waves,
where Lcoh Æ¼/¢k.
The technique ofQPMprovides an alternative to the birefringence basedphase-matching
techniques. By switching the sign of the nonlinear susceptibility every Lcoh , it is possi-
ble to build up the SHG intensity, as shown by the red curve in Figure 1.17. This tech-
nique was originally proposed in the 1960s [Arm62], but had to wait over three decades
for manufacturing technology to advance sufficiently for the experimental demonstra-
tion [Gor93, Ang94]. The difficulty was due to the need to periodically pole a material
with a poling period on the ¹m scale; this is now most commonly achieved using ferro-
electic domain engineering - the application of a strong electric field using microstruc-
tred electrodes with the same dimensions as the QPM period to be written [Yam93].
It is evident from Figure 1.5, that the SHG intensity in the perfectly phase-matched
case is greater than that for the the QPM case. Provided the nonlinearity is the same in
both cases, the QPM efficiency is lower by a factor of 2/¼ [Arm62]. QPM is often more
attractive however because it allows access to all the elements of the nonlinear tensor,
due to the increased freedom when selecting the polarisation state of the interacting
waves. In lithium niobate for example, this corresponds to the d33 coefficient, which
is over six times stronger than the d31 coefficient commonly used in birefringent phase-
matching [Pow11].
The poling period of a QPM material ¤ Æ 2¼/¢, is defined by the need to switch the
nonlinear susceptibility every Lcoh . The three wave phase-mismatch given in Equa-
tion 1.16 for a periodically poled material with a poling period of ¤ can therefore be
written as
¢k Æ 2¼
·
ne (¸1,T )
¸1
¡ ne (¸2,T )
¸2
¡ ne (¸3,T )
¸3
¡ 1
¤(T )
¸
(1.18)
where T is the temperature of the crystal, and¤(T ) is the poling period of the crystal, in-
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cluding the thermal expansion [Gay08]. With this equation and the corresponding Sell-
meier equations for the refractive indices n, it is possible to calculate the required poling
period for a given process in a nonlinear crystal. The relevant Sellmeier equation and
coefficients for lithium niobate, used in Chapter 3, can be found in [Jun97, Gay08].
Due to the differing group velocities of the interacting waves, the spectral bandwidth
that a crystal can efficiently convert will be limited. The characteristic length, L, for a
periodically poled crystal can be defined as
L Æ 0.44¸
2
¢¸
¢n¡1g (1.19)
where¢¸ is the full-width half maximum (FWHM) spectral bandwidth of the fundamen-
tal wavelength and¢ng Æ jng ,¸/2¡ng ,¸j is the group velocity mismatch between the fun-
damental and second-harmonic wavelengths [Arb97]. The group index ng is defined as
ng Æ n¸¡¸
@n¸
@¸
(1.20)
where n¸ is the refractive index of the crystal, or the phase refractive index. Again using
the Sellmeier equation and coefficients referenced above, it is possible to solve equa-
tion 1.19 for either the required crystal length L for a given spectral width, or a crystal’s
phase-matched bandwidth for a set crystal length.
1.4 Enabling technologies
The work presented in this thesis would not have been possible without the rapid tech-
nological advances that have occurred in optics and laser science over the last half cen-
tury. In particular, two technologies stand out as being of specific importance: high-
power fibre amplifiers and the PCF. These two components were used throughout the
work presented herein; the fibre amplifier as a building block for high power master-
oscillator power fibre amplifier (MOPFA) configurations, and the PCF, a highly flexible
and customisable platform for fully exploiting the rich dynamics possible with nonlinear
fibre optics [Kni96]. The basic principles of operation behind both of these key technolo-
gies will now be presented.
1.4.1 High power fibre amplifiers
The first fibre amplifier was demonstrated by C. J. Koester and E. Snitzer, a year after
Snitzer’s first fibre laser [Koe64]. This first device was based on a Nd doped silica glass
rod, providing amplification to a signal around 1.06 ¹m. Fibre amplifiers however, did
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Figure 1.6: (a) Illustration of the double-clad geometry in an optical fibre.
The signal is coupled into the single mode core region (red) and the pump light
into the multi-mode inner cladding region (blue). The outer cladding ensures
guidance of the pump light. (b) Refractive index profile as a function of radial
distance.
not gain tractionproperly until the 1980s, with researchers at theUniversity of Southamp-
ton revisiting both Nd-doped fibres [Poo85], Er-doped fibres [Mea87] and Yb-doped fi-
bres [Han88]. The early work on Er-doped amplifiers was aimed at applications in the
burgeoning telecommunications industry; repeater elements were in demand for long-
haul communications networks. Nd-doped amplifiers in contrast were interesting from
the power scaling point of view, pump diode technology at 808 nm was already well de-
veloped for pumping Nd:YAG lasers and amplifiers. If such pump technology could be
applied to a fibre gainmediumwith its inherent excellent thermal properties, high power
scaling of fibre systemswould be possible. However, it is Yb-doped fibre amplifierswhich
have excelled and become the industry standard in high power fibre lasers, with 100 kW
CW systems (multi-mode) now commercially available [Shc13]. The key developments
in fibre technology that have allowed such power scaling are as follows:
• The development of the double-clad structure, illustrated in Figure 1.6 [Sni88].
• The development of high power (100s of W) multi-mode pump diodes at 975 nm
for pumping the double-clad structure.
• Low-loss doping in the active cores of fibre amplifiers [Sni61b].
Early fibre amplifiers were all core-pumped, resulting in the available pump power,
and hence amplifier output power, being limited to the 10s ofmW level due to the neces-
sity of using a single-mode diode as the pump. This changed however, with the concept
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Figure 1.7: Absorption and emission cross-sections for Yb3Å in a germanosil-
icate host [Pas95, Pas97].
of the double-clad fibre, proposed in 1988 by E. Snitzer and co-workers [Sni88]. Fig-
ure 1.6 shows an illustration of such a double-clad fibre structure. A rare-earth doped
single mode core region, with refractive index n1, guides the signal light as per a stan-
dard single mode fibre, due to the lower refractive index of the inner-cladding region,
n2. Unlike a standard single mode fibre however, there is an outer cladding region sur-
rounding the inner cladding, with refractive index n3, where n3<n2. The inner cladding
region is multi-mode, and so has a corresponding higher NA, greatly improving its capa-
bility to accept light from lower brightness multi-mode pump diodes. Typically, only the
core region of the fibre is doped, but due to themany passes through the core that pump
rays undergo, and the high absorption per unit length possible in rare-earth doped silica
fibres, high signal gain is possible.
As mentioned, it is Yb amplifiers that now dominate the high-power fibre amplifier
market. The absorption and emission cross-sections of Yb3Å in a germanosilicate host,
shown in Figure 1.7, provide the main reason behind this. The peak of the absorption
(and emission) lies at 975 nm, which is in close proximity to the main emission band in
the 1000–1100 nm region. This naturally leads to a low quantum defect, and therefore
high conversion efficiencies and attractive thermal handling properties.
The energy level structure for Yb3Å is shown in Figure 1.8, with the twomost important
transitions labelled, at 975 nm (absorption), and 1035 nm (emission). The spectroscopic
data presented in this figure was taken from [Pas95]. The energy levels are dominated by
two manifolds 2F5/2 and 2F7/2, with 3 and 4 individual Stark levels respectively, creating
a quasi three-level lasing structure, dependent on the pumping wavelength. A three-
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Figure 1.8: Energy level structure for Yb3Å, made up of two manifolds 2F5/2
and 2F7/2 with 3 and 4 individual Stark levels respectively. The axis highlights
the relative position of the levels, and the two most important absorption and
emission transmissions for this thesis are labelled. Spectroscopic data taken
from [Pas95].
level lasing structure requires a higher pump intensity to create a population inversion
compared to a four-level system, such as Nd. However, the advent of high power 975 nm
pump diodes so close to the emission band made using Yb more favourable over the
four-level Nd. The simple energy structure of Yb also results in lower amounts of non-
radiative transitions, or quenching processes, occurring than in other rare-earth doped
materials such as Nd or Er. The relatively long upper-state lifetime of Yb in silica, of
¼0.8 ms [Pas97], also makes Yb an attractive candidate for amplifying pulsed sources
with low repetition rates.
High power Yb and Er amplifiers (10s Watts) are used throughout this thesis, in Chap-
ters 2, 3 and 4, as building blocks in MOPFA systems for subsequent nonlinear wave-
length conversion. Chapter 4 presents a high-power chirped pulse amplifier scheme, in
which a large-mode area (LMA) Yb amplifier fibre is used to increase the power scaling
of a pulsedMOPFA scheme. The technology associated with this LMA fibre is introduced
in Chapter 4 along with the MOPFA system.
1.4.2 Photonic crystal fibre
The idea of the PCF originated from work in the late 1980s on photonic band-gap (PBG)
structures, artificially produced 3-dimensional structureswhich canprevent electromag-
netic waves in certain frequency bands from propagating in the material [Joh87, Yab87,
Yab93]. J.C. Knight and co-workers transferred this concept to the optical fibre world,
36
1.4 Enabling technologies
Figure 1.9: V parameter for varying PCF hole diameter, d , and pitch, ¤, indi-
cated by legend. Dotted grey line indicates the singlemode cut-off. End on view
of PCF shows the pitch and hole diameter for a given lattice structure.
with the demonstration of the PCF in 1996 [Kni96]. It must be noted that earlier work
had been done on PBG guidance effects on fibres before Knight et. al., but involved
Bragg fibres structures, which consist of a concentric rings of varying refractive index,
rather than the lattice structure so predominant in today’s PCFs [Yeh78, dS94].
It is necessary to make a clear distinction between the two types of PCF based upon
the guidance mechanism: modified total internal reflection (MTIR), or PBG guidance.
The first PCF demonstrated by Knight and co-workers made no use of the PBG effect;
instead the light guidance was achieved through MTIR. The first PBG hollow core PCF
was demonstrated three years later [Cre99]. The difference in guidance mechanism can
be understood by examining the PCF illustration in Figure 1.9. A PCF typically consists
of a periodic lattice of air holes set in a glass host, with a central lattice defect through
which the light is guided. The lattice of air-holes can be thought of as having an average
refractive index, ncl , and the core a refractive index of nco . How the light is guided is
dependent on the relative value between these two refractive indices:
• nco > ncl - Light is guided through MTIR, in much the same fashion as standard
step-index fibre [Kni96].
• nco < ncl - Light is guided through the PBG effect. The lattice acts as Bragg mir-
ror in two dimensions, confining light within certain frequency bands to the core
region [Bir95].
The PCF structure possessesmany interesting features when compared to standard fi-
bre. These include the ability to engineer the waveguide’s dispersion through alteration
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of the lattice parameters, the large nonlinearity enhancement through tighter modal
confinement in small core PCFs, the potential for the fibre to exhibit single-mode guid-
ance over large wavelength regions and the possibility to fill PCFs with different gas
species for nonlinear enhancement. Of particular note to the work contained herein,
is the dispersion engineering and enhanced nonlinearity, both of which are discussed in
more detail in Chapter 2.
To understand the modal guidance properties for solid-core PCFs, it is possible to de-
fine the V parameter for a step-index fibre in equation 1.5.
V Æ 2¼
¸
re f f
q
n2co ¡n2FSM Æ
p
U2ÅW 2 (1.21)
where re f f Æ¤/3 is the effective core-radius of the PCF, nco is the refractive index of the
core, nFSM is the refractive index of the cladding, and U andW are defined as
U Æ 2¼
¸
re f f
q
n2co ¡n2e f f (1.22)
W Æ 2¼
¸
re f f
q
n2e f f ¡n2FSM (1.23)
where ne f f is the effective refractive index of the fundamental guidedmode, all the other
parameters take their previous definitions [Sai05]. The solving of these equations to find
the modal properties is discussed in more depth in Chapter 2.
Figure 1.9 shows the V parameter as a function of wavelength for various different PCF
structures; the dotted grey line indicates the single mode cut-off. At any point below
this line, the PCF will exhibit single-mode guidance. What is remarkable about PCFs,
is their ability to exhibit endlessly single-mode guidance, provided the correct d/¤ ratio
is chosen. This is in contrast to standard single mode fibres, which are conventionally
only single mode over a much smaller wavelength region. This property of endlessly
single mode guidance makes PCFs a very attractive platform for ultra-broad frequency
nonlinear conversion techniques, such as supercontinuum generation and FWM, as all
the interacting waves will remain in the fundamental mode.
1.5 Summary
This chapter has provided an overview of the relevant nonlinear optical effects, both in
fibre and bulk crystals, used in the later chapters of this thesis. The technological ad-
vances behind high power fibre amplifiers, in particular Yb-based devices, were intro-
duced. The basic guidance mechanisms of PCFs were introduced and used to highlight
one of the more remarkable properties’ of PCFs, namely, endlessly single-mode guid-
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ance. Chapter 2 and 3 explore PCFs in more depth, looking at their dispersive properties
and applications to parametric wavelength conversion. Chapter 4 examines the combi-
nation of these two technologies in a PCF-Yb amplifier system, aimed at producing high
energy femtosecond duration pulses.
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2.1 Introduction
Conceptually optical parametric wavelength conversion is a very powerful technique.
Conventional lasers are confined to operating at wavelengths defined by the electronic
transitions of either atoms, molecules or gases (with the exception of free electron lasers,
which are not “conventional” lasers). Parametric wavelength conversion removes this
restriction, by using nonlinear optical effects to convert pump laser radiation to areas
either hard or not possible to reach by conventional laser technology.
The field of bulk parametric wavelength conversion is nowwell established, with com-
mercially available optical parametric oscillator (OPO) devices availablewithwavelength
coverages spanning the ultra-violet (UV) to the mid-infrared (mid-IR) [Dun99]. Bulk
OPO’s make use of the class of nonlinear effects based on the Â2 nonlinear susceptibility
present in non-centrosymmetric materials, such as SHG and sum/difference frequency
generation (S/DFG). However, such systems can come at a large cost and be technically
challenging to operate and maintain, owing to both their size and complexity. An alter-
native to Â2 nonlinearities is to use silica fibres and their corresponding Â3 susceptibility,
making use of either the nonlinear Kerr refractive indexmodification or Raman/Brillioun
scattering based effects. Using fibre in the place of bulk optical components can bring
certain advantages to the laser system as a whole, such as alignment free operation, a
smaller susceptibility to environmental perturbations and at potential lower overall sys-
tem costs.
The first half of this thesis, chapters 2 and 3, details work undertaken on the devel-
opment of fibre based optical parametric sources - including amplifiers, oscillators and
single pass wavelength conversion devices. The lack of rare-earth doped silica fibres
emitting in the visible and near-visible makes the development of pulsed parametric fi-
bre devices in this spectral region an attractive prospect, and this was the overall aim of
the project. Chapter 2 concentrates on the theory, tools and techniques used to imple-
ment such sources. Chapter 3 presents the experimental realisation of these concepts
into different laser systems, along with an outlook on both current and future avenues of
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Figure 2.1: After Stolen et al. [Sto74]. The first experimental demonstration of
four-wave mixing in optical fibre showing anti-Stokes output power as a func-
tion of wavelength. The Stokes wavelength, along the top axis, was scanned and
the observed anti-Stokes power produced was measured. The inset sketches
show the observed far-field modal patterns of the produced idler, thought to be
the LP03 and LP02 modes, for peaks a and e respectively. Image reproduced with
permission from AIP Publishing LLC, © 1974.
research on fibre based parametric systems.
The content of this chapter is as follows. Section 2.2 presents a brief historical review
of the field of fibre optic parametric wavelength conversion, followed by more recent
developments in the generation of visible and near-visible radiation. Section 2.3 looks
at the different sub-classes of FWM, vectorial or scalar. The phase-matching require-
ments for these processes, so critical for efficient FWM, are introduced and discussed.
In sections 2.3.5 and 2.4 the generalised architecture for parametric generation is intro-
duced, and the two components of this architecture, the pump source and fibre, will be
examined in detail. Results from this chapter and the next have been published in the
following journal articles and conference proceedings [Mur12, Kud13, Mur13a, Mur13b,
Hu14, Leg15].
2.2 A brief history
FWM in optical fibre was first demonstrated experimentally by Stolen et al., the results
from this early work are shown in Figure 2.1 [Sto74]. The FWM was initially entitled
phase-matched three-wave mixing, owing to the degeneracy of the pump light involved.
Very low idler (anti-Stokes) powers at the ¹W level were generated by combining pump
light around 532nmwith tunable signal (Stokes) light around 600 nm in a length ofmulti-
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mode fibre.
The key enabling technology in this experiment, and indeed the birth of nonlinear
fibre optics as a whole a few years earlier [Ipp70], was the rapid development of low-
loss (around 20dB/km) optical fibres at Corning Inc, and slightly later at British Post Of-
fice and Standard Telecommunications Laboratories (STL) in the UK [Hec04]. The driv-
ing force in the search for ultra-clear glass fibre waveguides was the growing demand
for larger bandwidth communications systems to carry trans-continental data [Hec04].
Over three decades later, Charles Kao would be awarded the nobel prize in physics for
his pioneering contributions to these efforts in the 1960s [Kao66].
In the 1960s the emerging nonlinear optics community had focused solely on the use
of bulk Â(2) based nonlinear crystals, due to themuch higher nonlinearity of these effects
when compared to Â(3) based effects. To use the early generation optical fibres with their
very large losses (>1000dB/km) and low nonlinearity made little sense. However, the
advent of lower loss fibresmeantmuch longer propagation lengths of fibre could beused,
enhancing the nonlinear length product to values comparable with bulk crystals.
In 1975 Stolen published a more detailed study of FWM in multi-mode optical fi-
bres [Sto75]. Pump light of 532 nm was coupled into the fibres, and different phase-
matching conditions were satisfied by adjusting the coupling of the pump light into dif-
ferent modes. In comparison to the previous report, where signal tuning was used to
excite different phase-matched guided modes, this time the modal content of the pump
light was adjusted to tune the signal and idler wavelengths.
The first report of FWM in single mode fibres was in 1978 [Hil78]. Phasematching
was achieved by using two argon ion lasers very closely spaced in frequency, such that
the coherence length between the two was long (on the order of 100s of metres) allow-
ing FWM to build up efficiently. This was followed in 1980-81 by reports of a new type
of phase-matching in single mode fibres - pumping in the region of low normal disper-
sion [Was80, Lin81, Dia81]. The material and waveguide dispersion contributions to the
fibre’s total dispersion were found to cancel for certain frequency shifts. This type of
phase-matching was first explained by Lin et. al., shown in Figure 2.2 [Lin81]. The solid
lines represent thematerial dispersion contribution, the dashed-dotted lines the waveg-
uide dispersion and the dotted lines the total dispersion mismatch.
These early works in the field of fibre based parametric conversion gave researchers
the tools necessary to demonstrate sources with ever increasing power levels and wave-
length tunability. Parametric amplifiers, wavelength converters and oscillators were all
investigated, but therewas a fundamental limit imposed on themby the dispersive prop-
erties of standard silica fibres [Sto82, Poc85, BJ86, Cap91, Yan96, Oni98]. As previously
discussed, the total dispersion in a fibre is due to the separate material and waveguide
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Figure 2.2: After Lin et al. [Lin81]. Phase-mismatch calculations for different
pumpwavelengths near the region of minimum dispersion. The solid lines rep-
resent thematerial dispersion contribution, the dashed-dotted lines the waveg-
uide dispersion and the dotted lines the total dispersion mismatch. Image re-
produced with permission from OSA Publishing, © 1982.
dispersion contributions. Bulk fused silica has a zero-dispersionwavelength (ZDW) around
1.27 ¹m, and when the waveguide contribution is added this tends to shift up to around
1.31¹m[Agr08]. In standard single-modefibres, it is only possible to engineer thewaveg-
uide to shift the ZDW to longer wavelengths. The technique by which the largest fre-
quency shifts can be obtained through FWM is pumping in the low normal dispersion
region, demonstrated in single mode fibres by Washio, Lin and Dianov independently at
the beginning of the 1980s [Was80, Lin81, Dia81]. Thus one is restricted to pump wave-
lengths close to or greater than ¼ 1.31 ¹m. Therefore accessing the visible region of the
spectrum through FWM becomes difficult; the frequency shifts to reach the visible are
very large, and indeed are forbidden by energy conservation for frequency shifts greater
than that corresponding to half the energy of one pump photon.
In 1996 researchers at the University of Bath changed the face of nonlinear fibre optics
for ever with the advent of the PCF [Kni96]. The lattice structure of a PCF allows a larger
degree of flexibilty and control over its dispersion properties than with standard step-
index fibre. This is highlighted in Figure 2.3, a plot of the dispersion curves of some
common fibre structures: SMF-28 and dispersion shifted fibre, and two PCF structures.
The vertical black dotted line corresponds to the lowest point, approximately 1.3 ¹m, at
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Figure 2.3: Dispersion properties of step-index and photonic crystal fibres.
The dashed black lines show the zero dispersion wavelength of standard single
mode silica fibre, ¸zdw¼1.31 ¹m, and the corresponding line of zero dispersion
(vertical and horizontal lines respectively). Fibres to the left of the ¸zdw line
represent dispersion curves of different PCFs, and the fibre to the right of the
line is a dispersion shifted fibre. Note that PCF-1, used throughout this chapter
as an example fibre has the following parameters: MFD - 5.5 ¹m, ¤ = 4.33 ¹m
and ° = 9.2 W¡1km¡1.
which the ZDW of standard solid fibres can be engineered. When using a PCF structure
however, the waveguide contribution to the dispersion can force the ZDWmuch further
down into the visible, below even 600 nm [Jac04]. Note that PCF-1, used throughout this
chapter as an example fibre, has the following parameters: MFD - 5.5 ¹m, ¤ = 4.33 ¹m
and ° = 9.2 W¡1km¡1.
Before the advent of the PCF, pump sources for fibre parametric sourceswere restricted
to certain wavelengths, typically either using Nd:YAG bulk lasers around 1.3 ¹m or Er fi-
bre lasers around 1.55¹m, in order to pump in the region ofminimum chromatic disper-
sion. PCFs changed this, allowing the creation of parametric sources with pump wave-
lengths at 750 nm [Sha02], 647 nm [Har03], 1550 nm [dM04], 680-700 nm [Won05], 640-
700 nm [Che05] and 1030 nm [Den05]. Indeed, PCFs allow parametric generation with
pump wavelengths throughout the transmission window of silica.
2.3 Four-wave mixing
The process of FWM was briefly introduced in Section 1.2.2, along with the other dom-
inant Â3 based nonlinear effects. As a large portion of this thesis is based on these ef-
fects, a more detailed overview into the different classes of FWM is required - this is the
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Figure 2.4: Illustration of the various possible polarisation states for the
pump and phase-matched sidebands in FWM. The dotted grey lines represent
the principle polarisation axes of the fibre, and the solid black arrows the orien-
tation of the pump/sideband polarisation state.
purpose of this section. It should be noted however, that we restrict this discussion to
degenerate-pump FWM, as fully degenerate and dual pump FWM are not considered in
this work.
2.3.1 Scalar or vectorial?
Broadly speaking FWM can be divided into two main classes. Which class the FWM falls
into depends on the polarisation orientation of each of the interacting fields. The more
simple and widely studied of the two classes, scalar FWM, is when the pump and the
produced Stokes and anti-Stokes waves lie on the same polarisation axis. This can be
seen in Figure 2.4 (a) and (b). The majority of the parametric systems developed for this
thesis are based on this scalar version of FWM. The other class, vectorial FWM, becomes
more complicated, as there are a number of possible polarisation permutations which
the interacting waves can take. These are shown in Figure 2.4 (c), (d) and (e). (c) and (d)
refer to polarisation FWM (polarisationmodulation instability) whereby the pump is po-
larised orthogonally to the sidebands. (e) represents cross-phase FWM (or cross-phase
modulation instability), which arises from interactions between orthogonally polarised
pairs of pump waves producing an orthogonally polarised set of Stokes and anti-Stokes
wave.
Vectorial FWM is attractive as it provides a larger possible parameter space for phase-
matching to occur over. This larger phase-matching space arises as a result of the bire-
fringence of the fibre in use (see Figure 2.7 in which the phase-matching curves for a
birefringent PM-PCF are presented). The scalar processes are also limited to the region
close to the ZDW of the fibre being used, whereas with the vectorial processes there is
more flexibility in terms of the available pump wavelength positioning. However, the
gain in the vectorial case is typically lower, due to the anti-Stokes/Stokes waves being
in different polarisation states, and/or the pump being divided between the two prin-
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Figure 2.5: Plot showing the variation of parametric gain with increasing
phase-mismatch, as per Eq. 2.1, for the particular case when we substitute in
· from Eq. 2.2. Maximum parametric gain is obtained when there is significant
phase mismatch compensated for by SPM and XPM. °=9.2 W¡1 km¡1 (PCF-1)
and P0 in the range 1-4 kW were used, typical of pump sources in this thesis.
ciple axes [Agr08]. This is discussed in more detail in the next section, with particular
reference to equation 2.1.
2.3.2 Parametric gain
A key parameter in any laser or amplifier system is the gain that themedium can provide.
This gain can come from the extraction of energy from a population inversion in a laser
medium, or some nonlinear transfer of energy from the pump to a signal frequency in
a nonlinear frequency conversion process. In the parametric case we can express the
signal gain, g , for four waves interacting through FWM by the following expression
g Æ
q
(°P0rg )2¡ (·/2)2 (2.1)
where ° is the nonlinear coefficient of the fibre, P0 is the peak power of the pump source,
rg is a scaling factor dependent on which axis of the fibre the pump lies on and · is the
effective phase mismatch between the interacting waves [Agr08]. The parametric gain is
thus dependent on pump power, the effective nonlinearity of themedium in use and the
phase-mismatch of the four interacting waves. The effective phase mismatch is defined
by
·Æ¢kÅ2°P0rk (2.2)
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where the first term ¢k (defined in equation 1.14) represents the purely linear phase-
matching requirements, and the second term is the nonlinear contribution due to SPM
and XPM [Agr08]. ° and P0 take their previously defined definitions, and rk is another
polarisation dependent scaling factor. Figure 2.5 is a plot of the parametric gain in PCF-1
against phase mismatch for different values of the °P0 product, with r Æ 1, equivalent to
the degenerate-pump case of FWM. Themaximumgain occurs when ·Æ 0, equivalent to
when ¢k Æ¡2°P0. This plot highlights the dependency of the effective phase-mismatch
· on both the linear and nonlinear contributions to the phases of the interacting waves.
The scaling factors rg and rk explain the difference in gain for the vectorial and scalar
processes mentioned in the previous section.
There are some interesting points to note about parametric amplification, when com-
pared to the other non-parametric nonlinear optical effects in fibre, such as Raman or
Brillouin scattering. For example, the parametric gain has no wavelength dependence,
in contrast to Raman amplification, in which the gain has a 1/¸ (first order approxima-
tion) dependence on the pump wavelength [New02]. The Raman amplification process
is also self phase-matched by the resonances of the medium in use. This is attractive as
phase-matching does not need to be considered, but in turnmeans that the Raman gain
is only available at fixed frequency shifts defined by the vibrational energy levels of the
medium in use. With FWM on the other hand, as long as phase-matching is satisfied,
parametric gain can be obtained at target wavelengths defined by the dispersion of the
material and the pump wavelength in use.
2.3.3 Phase-matching
The effective phase-mismatch ·, defined in Eq. 2.2, can be re-written as follows,
·Æ¢kM Å¢kW Å¢kNL (2.3)
where ¢kM is the phase mismatch from the material dispersion, ¢kW the phase mis-
match from the waveguide dispersion and ¢kNL is the phase mismatch from nonlinear
effects [Agr08]. As determined by equation 2.1, the parametric gain is at a maximum
when ·Æ 0. In order to satisfy this one of the terms in equation 2.3 must be negative. In
practise, this can occur through a number of different methods:
• Modal -differentmodes in awaveguide have different propagation constants. Through
careful choice of which modes are excited, ¢kW can be negative and hence cancel
the material and nonlinear contributions. Figure 2.1 shows the first experimental
demonstration of FWM in fibre, and was performed using this technique.
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• Small frequency shift - the use of low pump powers, therefore reducing¢kNL , and
small frequency shifts of the Stokes and anti-Stokes relative to the pump means
phase-matching can be satisfied. This form of FWM is generally undesirable, par-
ticularly in densely packed wavelength division multiplexed (WDM) telecommu-
nication systems, where the crosstalk between the channels degrades the signal to
noise ratios [Mae90].
• Lowdispersion region - near the zero dispersion wavelength of silica, thematerial
dispersion contribution ¢kM becomes small; at certain pump wavelengths ¢kNL
and ¢kW can cancel the material dispersion contribution at specific frequency
shifts. The shifts can be quite large but can only occur over a narrow pump range.
Figure 2.2 shows an example of this type of phase-matching.
• Vectorial - using a birefringent fibre with two principle axes of polarisation allows
phase-matching through the difference in refractive indices between the axes. Vec-
torial phase-matching allows for a greater range of possible phase-matched wave-
lengths, but has a lower overall gain [Agr08].
• Self-phasemodulation - in the anomalous dispersion region of optical fibres,¢kM
becomesmuch larger than¢kW . One canhowever use the nonlinear phase-mismatch
due to SPM to satisfy the phase-matching condition. FWM in the anomalous dis-
persion region is also known as modulation-instability (MI): the breakup of a CW
beam in a train of high repetition rate ultrashort pulses. This effect can be used to
produce soliton and MI lasers, useful in telecommunication applications [Mol84,
Tai86]. Before the early 2000s, it was thought that scalarMIwas only possible in the
anomalous dispersion region. However, with the advent of the PCF it was demon-
strated that phase-matched scalar MI was possible in the normal dispersion re-
gion, due to the greater significance of higher order dispersion terms in fibres with
a more complex waveguiding nature than before [Har03]. Such phase-matching is
also possible in dispersion-shifted solid core fibres, which also havemore complex
higher order dispersive features due to their exotic fibre core structures.
The last method is the most relevant to the experimental systems demonstrated in
the next chapter. In order to explain MI in both the anomalous and normal dispersion
regimes, it is necessary to include the higher order dispersive terms in the Taylor expan-
sion (see Eq. 1.8). We can re-write Eq. 2.2 as,
1X
mÆ2,4,...
¯m(!p )
m!
­ms Å2°P0 Æ 0 (2.4)
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GVD regime Frequency shift approximation,­2s
Anomalous (¯2<0) 2°P0/j¯2j
Normal (¯2>0 and ¯4<0)
6
j¯4j (
q
(¯22Å2j¯4j°P0/3)Å¯2)
Normal (¯2>0 and ¯4>0) Use Eq 2.4
Table 2.1: Frequency shift approximations for differing dispersion regimes in
optical fibre [Agr08]. For ¯2 È 0 and ¯4 È 0 use full ¯ expansion.
where ¯m is themth order dispersive term, ­ms is the frequency shift of the signal from
the pump and ° and P0 take their usual meanings [Agr08]. From this expression it is
possible to derive approximate phase-matched frequency shifts for differing dispersion
conditions and regimes. These are shown in table 2.1.
In the anomalous dispersion regime, Eq. 2.4 simplifies greatly as them Æ 2 term domi-
nates. In the normal dispersion regimephase-matching can only be satisfied if the higher
order dispersive terms are negative. We consider two possible scenarios. If ¯4 Ç 0 then
Eq. 2.4 simplifies to that given in table 2.1. However, if ¯4 È 0, then higher order terms
(m ¸ 4) must be used. In such a case, the best approach is to use the whole propagation
constant ¯.
The approximations in Table 2.1 are useful for when individual¯x values are known for
a given fibre structure. However, as will be discussed in section 2.3.5, it is possible to cal-
culate the propagation constant ¯ for a given fibre structure. Then the phase-matching
condition for four waves interacting can be written as
·Æ¢¯Æ 2¯(!p )¡¯(!as)¡¯(!s)Å2°P0 (2.5)
where ·=¢¯ is the phase-mismatch, and the ¯X terms are the propagation constants at
the four interacting frequencies. With this expression and the ¯s of a given fibre struc-
ture, we can calculate the phase matching curves for a fibre. Figure 2.6 shows the purely
linear phase-mismatch for PCF-1, at a range of pump wavelengths. The points at which
¢k=0, indicated by the dashed black line, represent the phase-matched frequencies at
the given pump wavelength. The transition between the normal and anomalous disper-
sion regimes is evident; in the anomalous pumping region (purple and light blue lines)
there are no phase-matched frequencies. When crossing into the normal however (blue,
green and red lines), phase-matching is now satisfied at specific frequency shifts. By it-
erating over a large pump wavelength grid, it is possible to generate a phase-matching
curve, shown in Figure 2.7. In this figure a birefringent PM-PCF (PCF-3) with the follow-
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Figure 2.6: Linear phase-mismatch against frequency shift frompumpwave-
length for PCF-1. Each line represents a different pump wavelength: blue -
1.040 ¹m, green - 1.065 ¹m, red - 1.090 ¹m, light blue - 1.115 ¹m and purple -
1.130¹m. The dotted black line highlights the phase-mismatch zero line. PCF-1
has a zero-dispersion wavelength (ZDW) at 1.108 ¹m.
ing parameters was used, MFD - 5.1 ¹m, ¤ = 4.11 ¹m, and ° = 7.2 W¡1km¡1 and group
birefringence 0.5£10¡4, to highlight the differences in both vectorial and scalar phase-
matching.
2.3.4 Efficiency of the FWM process
In order to observe efficient FWM, several points must be considered carefully. Firstly,
the spectral linewidth of the pump source must be kept narrow. This is to ensure that
the pump has the highest possible spectral power density within a given phase-matched
bandwidth. Figure 2.8 shows the 3 dB gain bandwidth, on a logarithmic scale, of the
FWM process as a function of pump wavelength near the ZDW of PCF-1. As the pump
wavelength shifts away from the ZDW, the gain bandwidth narrows dramatically. This
gain-narrowing effect is more pronounced in the normal dispersion regime. Pumping
with a source which is broader than the phase-matched bandwidth will typically result
in other nonlinear effects, such as SRS, dominating over FWM. This plot highlights the
importance of pumping in the low normal dispersion region. If the pump wavelength
is shifted too far away from the ZDW into the normal dispersion regime, then the gain
bandwidth for the FWM process becomes prohibitively narrow for any practical pump-
schemes.
If using a pulsedpump source, the pulsewalk-off between the pumpand anti-Stokes/Stokes
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Figure 2.7: Scalar and vectorial phase-matching curves for PCF-3. Scalar 1/2
represent the scalar phase-matching curves for the two principle axes of the
PCF. The cross-phase MI and polarisation MI represent the vectorial processes
and are shown for completeness. Dotted black line indicates ZDW of fibre axis
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Figure 2.8: 3 dB phase-matched gain bandwidth as a function of pumpwave-
length near the ZDW, indicated by the black solid line, in PCF-1 - plotted on a
semi-log scale. Black curve is gain bandwidth in THz, and grey curve is band-
width plotted in nm. Text in the figure indicates dispersion regime of the pump
wavelength.
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fields must be considered. The walk-off parameter can be defined by
d12 Æ¯1(¸1)¡¯1(¸2)Æ v¡1g (¸1)¡ v¡1g (¸2) (2.6)
where ¯1(¸1) and ¯1(¸2) are the first order terms of the Taylor expansion of the propaga-
tion constant ¯ at wavelengths ¸1 and ¸2, and v¡1g (¸1) and v¡1g (¸2) are the inverse group
velocities at each wavelength [Agr08]. The greater the difference in group velocities be-
tween the pulses the greater the walk-off between pulses becomes. Once the interacting
pulses have completely walked-off from each other, there will no longer be an interac-
tion between the two. Therefore the length of the fibre being used must be chosen to be
below this walk-off length.
Another important consideration is the longitudinal variations in the dispersion pro-
file of optical fibres. PCFs in particular are prone to these variations, due to the inher-
ent difficulties in maintaining a constant lattice size during the standard stack and draw
manufacturing process. Any slight deviation in the lattice parameters can cause a shift in
the ZDW, and hence the phase-matched wavelengths. The majority of the PCFs used in
this thesis were manufactured by our collaborators at PhLAM/IRCICA at the University
of Lille, under A. Kudlinski and A. Mussot. They employ core-size fluctuation mitigation
strategies during the fibremanufacturing including using a larger-than- normal preform
and careful choice of the drawing parameters during the fibre drawing process to min-
imise such fluctuations [Mus12, Kud13].
A final point to mention for completeness is with regards to the attenuation of silica
fibres. The transparancy window of silica fibres stretches from ¼ 0.3-2.0 ¹m . If the side-
bands fall outside this window, then they will experience greater loss and hence lower
the overall conversion efficiency. However, it was recently shown that it can be beneficial
to have one of the sidebands operating in a region of higher-loss, as it prevents energy
back-flow to the pump wave from the parametric sidebands [Jau12].
2.3.5 Dispersion calculations
PCFs provide the ideal platform for FWM. The lattice structure of silica and air holes
gives a large amount of freedom over the dispersive properties, and hence, the phase-
matching of the fibre. The obvious question arises though, how does one calculate the
dispersion of such a structures?
There are two approaches used in this thesis. The first is to perform a full finite el-
ement analysis (FEM) on the lattice structure and solve Maxwell’s equations over the
lattice, in order to calculate ¯ as a function of wavelength. This was done using MPB-
photonic bandsmode-solver software [Joh01], along with software written by colleagues
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Figure 2.9: (a)Comparison of fibre dispersion calculated using finite element
analysis software and the effective refractive index model, dotted grey lines in-
dicate zero dispersion wavelength (ZDW) and line of zero dispersion. (b) A SEM
image of the corresponding PCF structure .
in the Femtosecond Optics Group. The second approach involves calculating the aver-
age refractive index of the lattice, and approximating this as the cladding of a standard
optical fibre [Mid00, fL04]. Then knowing the refractive index of the core one can solve
the fundamental modal equations to calculate the dispersive properties of the fibre.
Figure 2.9 shows the dispersive properties of PCF-1 used in this work, calculated us-
ing MPB and the effective index model, with the different methods agreeing excellently.
The FEM method is computationally more intensive and takes longer to solve than the
effective-index model, but is slightly more accurate. However, both methods typically
agree to within a few percent, but generally for fibres with larger air-filling fractions the
FEMmethod is more suited.
2.4 Pump source options
In order to efficiently generate radiation through FWM the pump source’s parameters
need to be considered carefully, these include:
• Narrow spectral linewidths to aid phase-matching.
• High peak powers to increase the nonlinearity.
• Pulse durations on the order of 100s ps to few ns.
• Fully fibre-integrated cavities for the development of robust and compact laser
sources.
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• Tunable wavelength, repetition rates and pulse durations for source flexibility.
Maintaining the narrow spectral linewidth is essential for achieving efficient conver-
sion efficiencies, and must be carefully monitored during any amplification stages. Cer-
tain bio-photonics applications, such as STED microscopy or CARS, require a source
which is synchronisable to another pulse train, so a tunable repetition rate seed source
greatly aids this [Hel94, Bau12b]. Fully fibre-integrated seed sources are ideal for inte-
gration with fibre based master-oscillator power amplifier (MOPFA) chains, which can
be used to increase the peak powers of low power seed oscillators. The pulse duration
range specified was for two reasons: pulse durations for STED microscopy are ideally in
this range, and this regime of pulse duration at MHz repetition rates enables amplifica-
tion in MOPFAs up to the kW level with Watts of average power, a good operating point
between average and peak powers. This section introduces four different techniques for
producing pulsed seed sources, before a discussion of a generic MOPFA schematic to in-
crease the average, and hence peak, powers of the seed. Possible routes to wavelength
extension through second-harmonic generation (SHG) will then be introduced.
The first class of pulsing techniques discussed is mode-locking. In a CW laser, there
are typically (depending on the spectral linewidth), many longitudinal modes oscillating
in the cavity with random phases. The premise of mode-locking is to introduce a fixed
phase relationship between these longitudinal cavity modes, resulting in the coherent
combination of the otherwise randomly oscillating modes. An intra-cavity modulator,
which can be either active or passive, causes this fixed phase relationship to arise result-
ing in the generation of a train of optical pulses.
The second class of techniques discussed involves the modulation of semiconductor
based laser diodes, these include: gain switching (GS), the directmodulation of the diode
current, and intensity modulation, the employment of a fast optical switch to carve out
a train of pulses from a CW beam.
2.4.1 Passively mode-locked fibre lasers
Passive mode-locking of lasers is a well proven route to generating ultra-short optical
pulses from otherwise CW lasers. The first demonstration in the mid 1960s involved Q-
switchedmode-locking, a hybrid formof pulse generation [Moc65]. This was followed by
the first mode-locking of a CW dye laser in 1972 [Ipp72]. The first passively mode-locked
fibre lasers had to wait a further two decades, with the demonstration of all fibre-cavities
mode-locked with nonlinear amplifing loop mirrors (NALM) [Ric91, Dul91].
In general, a mode-locked laser can be thought of as a variation of some essential ba-
sic elements: a gain medium, a saturable absorber to initiate mode-locking, intra-cavity
54
2.4 Pump source options
Time
In
te
n
s
it
y
Time
G
a
in
/l
o
s
s
Gain
Loss
Tf 
Figure 2.10: Illustration of the combined action of gain and saturable losses
in a typical lasermode-locked using a fast saturable absorber, resulting in a train
of ultrashort pulses spaced by the cavity period T f . Grey shaded areas highlight
regions where gain exceeds loss.
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Figure 2.11: Polarisationmaintaining all fibremode-locked cavity schematic
(PM-PMLL). The gain was provided by the double clad Yb-doped fibre, pumped
by a 975 nm multi-mode fibre-coupled pump diode. The semiconductor sat-
urable absorber (SESAM) and chirped fibre Bragg grating (CFBG) formed the
cavity, with the polarising fibre providing loss to one of the polarisation axes,
and an isolator to prevent back-reflections into the cavity.
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Figure 2.12: Temporal and spectral properties of the PM-PMLL. The pulses
had an AC duration of ¿ac = 13 ps, shown in (a), with a corresponding 3 dB spec-
tral linewidth of 0.16 nm, shown in (b).
dispersion to shape the pulses and an output coupler allowing light to be extracted from
the cavity. Figure 2.10 shows an illustration depicting the combined action of gain and
loss in a passively mode-locked laser, and the resulting optical pulse train. In effect, the
saturable absorber in the cavity preferentially favours the transmission of high inten-
sity pulses. Saturable absorbers achieve this through their nonlinear light transmission
properties. Below a certain threshold, the absorber blocks or absorbs light incident upon
it, but above the saturation threshold, the absorber saturates and light can propagate
through it. Thus the most intense part of the pulse is preferentially transmitted and the
wings are attenuated, resulting in the formation of a train of pulses.
There are a multitude of different mode-locking regimes possible, predominantly de-
pendent on the saturable absorber and dispersion of the cavity in use. In this thesis,
we restrict our discussion of mode-locked lasers to simple semiconductor saturable ab-
sorber mirror (SESAM) linear cavities. An example of such a cavity is shown in Fig 2.11.
The gain was provided by the double-clad Yb-doped fibre, centered around 1060 nm.
The pump combiners coupled/removed light from a 5 W multi-mode 975 nm pump
diode in/out of the multi-mode inner cladding of the Yb-doped gain fibre. The SESAM
was placed between two fibre connectors and formed one end of the cavity. The other
end of the cavity was formed by a PM-chirped fibre Bragg grating, with a grating disper-
sion of 23.8 ps/nm. The orientation of the grating defined the sign of the dispersion; by
correctly positioning the grating it was possible to ensure that the net cavity dispersion
was anomalous, through the balancing of the other fibre components net normal dis-
persion. It was beneficial to operate in the net-anomalous regime to enable the pulses
to undergo solitonic shaping, helping to generate short clean sech2 shaped pulses. The
cavity in Fig 2.11 was constructed of all polarisation maintaining (PM) elements. This
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made the system more stable against environmental fluctuations, as well as providing a
linearly polarised output, suitable for amplification in subsequent PM high-power am-
plifier chains. The polarising fibre section provided loss to all but one of the polarisation
states, necessary to force the oscillator to lase on one chosen polarisation axis. The laser
output was measured to have a PER of 24 dB.
Figure 2.12 shows the temporal and spectral output of the PM-PMLL. The spectrum
is shown in Fig 2.12 (b), and had a 3 dB spectral linewidth of 0.16 nm, corresponding
to a transform-limited duration of 7.5 ps. The pulse had an autocorrelation duration,
shown in Fig 2.12 (a), of 13 ps. Assuming a sech2 pulse shape, this corresponds to a de-
convolved pulse duration of 8.5 ps, close to the transform-limited duration. The laser
was mode-locked at its fundamental repetition rate of 28.05 MHz, exhibiting a stable
train of pulses with no multi-pulsing behaviour observed.
Passive mode-locking, although a simple and robust method of producing trains of
ultrashort pulses, is not considered further in this thesis in the context of parametric
generation. Pulses on the order of a few picoseconds are difficult to amplify in the linear
regime. They will typically undergo spectral broadening through SPM or Raman scatter-
ing. Such spectral broadening processes are detrimental to FWM, where as was shown
earlier in this chapter, narrow pump line-widths are essential for efficient FWM to occur.
Also for certain applications, such as STED and CARS microscopy, one key requirement
is the ability to synchronise the two pulse trains incident on your sample to a high degree
of accuracy. The use of aMLL is restrictive as it imposes the repetition rate to be used. By
using instead other pulsing techniques, the repetition rate can be arbitrarily tuned. The
PMLL will be examined again in Chapter 4, as a useful seed source in chirped-pulse am-
plifier schemes, where the shorter pulses and associated nonlinear spectral broadening
during amplification can be advantageous.
2.4.2 Actively mode-locked fibre lasers
Active mode-locking (AML) makes use of some form of active intra-cavity modulation,
rather than the passive absorbers described above. First demonstrated in a bulk He-Ne
laser [Har64], followed later by AML of diode lasers in the late 70s [Ho78, Gla78]. Within
active mode-locking, one can either use amplitude modulation (AM) or frequency mod-
ulation (FM). In AM the modulation can either be direct modulation of the gain, or by
using a modulator in the cavity such as an acousto-optic or electro-optic modulator, to
periodically modulate the loss of the cavity. This is done at either the fundamental rep-
etition rate of the cavity or some multiple thereof. Figure 2.13 shows a depiction of this
process, and the resulting pulse train which is formed. FMmakes use of a phase modu-
lator to impose a modulation in the frequency domain.
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Figure 2.13: Sinusoidal modulation of the gain in an actively mode-locked
laser, resulting in short periods of gain above threshold, indicated by grey
shaded regions. The modulation loss is done at the repetition rate (or some
harmonic thereof) corresponding to the round trip time, T f , of the cavity.
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Figure 2.14: Fibre integrated actively mode-locked semiconductor laser
(AMLL). The gain was provided by the semiconductor chip (AR coated on front
side, HR coating on back side), centered around 1055 nm. FBG centred at
1059 nm provided feedback, and fibre PC assisted the mode-locking process.
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Figure 2.15: Temporal and spectral properties of the AMLL. The pulses had
a duration of ¿ = 400 ps, (a), with a corresponding 3 dB spectral linewidth of
0.1 nm, (b). The asymmetry evident in (a) was due to power saturation on the
photo-detector used to record the trace.
Figure 2.14 shows the experimental setup used for demonstrating AML. A FBG was
used with approximately 1.8 m of passive fibre to set up an external cavity laser diode
(ECLD) with the semiconductor diode. A fibre PC was also integrated into the cavity for
intra-cavity polarisation control. ADCbias voltage (VDC = 1.19 V)was then applied along
with a sinusoidally varying voltage (Vpk¡pk = 0.3 V) to the semiconductor chip. By tuning
the frequency of the sinusoid to match the round trip time of the cavity, a mode-locked
pulse train was observed at a fundamental frequency of 55.5 MHz. The correct bias level
was essential to ensure the gain window was the optimal size for stable mode-locking.
Figure 2.15 (a) shows the temporal trace of the AMLL. The pulses had a duration of
400 ps. They exhibit strong asymmetry, but this is believed to originate from saturation
on the photodiode detector used to record the trace. The optical spectrum is shown in
Fig 2.15 (b), and exhibited a clean narrow spectral linewidth of 0.1 nm. Although exhibit-
ing favourable characteristics for parametric generation, AML was not considered fur-
ther. This was partly because of the lack of repetition rate and wavelength tunability as
discussed previously. Also the fibre output of the diodewas not polarisation-maintaining
fibre. This meant the fibre PC had to be used to ensure the AML was in a stable, clean
pulsing regime. It was found that the PC had to be continuously adjusted during oper-
ation to keep the laser mode-locked, a non-ideal source for use in subsequent experi-
ments.
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Figure 2.16: Illustration showing the relationship between the electrical
pump current, optical gain and output power in a typical gain-switching con-
figuration. Grey dotted lines indicate regions where gain is above threshold,
resulting in the generation of short pulses.
2.4.3 Gain-switched diodes
Gain-switching (GS) of semiconductor diodes is a versatile technique capable of produc-
ing pulses from the 10s of ps to few ns regimes [Ito79, Lin80]. It was initially proposed
and demonstrated around the same time as AML of semiconductor diodes, or injection
lasers as they were more commonly known at the time. However, in contrast to their
mode-locked counterparts it was possible to select arbitrary (within reason) repetition
rates for the pulse train. The chip (and hence cavity) length determines the lasing dy-
namics, not the repetition rate, as is the case in mode-locked lasers. The current used to
drive the laser diode ismodulated, and it is thismodulation that forms the optical pulses.
Figure 2.16 is an illustration depicting the relationship between the electrical drive
pulses, the optical gain and the optical output power in a typical GS diode. One of the
interesting features of gain-switching is the possibility of producing optical pulses which
are considerably shorter than the electrical pulse being used tomodulate the diode. This
feature can be explained as follows.
An electrical drive pulse (typically 100’s of ps to few ns) is used to modulate a DC volt-
age supplied to the diode. When the pulse exceeds the current lasing threshold, the diode
begins to lase. The gain quickly rises up to a peak before becoming saturated as the
electron-hole pairs in the semiconductor recombine to form photons. The gain depletes
quickly due to both the short cavity lifetime and the short upper state lifetime of semi-
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Figure 2.17: A gain-switched fibre-coupled quantum dot distributed-
feedback laser diode (QD-DFB-LD). A bias-tee is used to combine the DC bias
voltage and electrical drive pulses needed for gain switching.
conductor diodes (typically ns). The gain drops and can fall below the threshold level for
lasing. The duration of the transient gain window is defined by dynamics in the semi-
conductor chip, similar to relaxation oscillations, and can be on the order of 10s of ps. As
long as the bias current is set to the correct level, when the gain subsequently recovers it
will not cross the lasing threshold level again. Thus optical pulses of durations of 10s of
ps can be created from electrical pulses with much longer durations.
Figure 2.17 shows a typical gain-switched diode setup. A bias-tee was used to combine
a DC bias voltage with variable repetition rate and pulse duration electrical pulses across
the diode. Figure 2.18 (a) shows a typical 50 ps pulse produced from the gain switched
laser diode. In this case, an electrical pulse with a duration of 300 ps was used to mod-
ulate the current to the diode. The bias voltage was carefully controlled to minimise
the tail of the gain-switched pulse by keeping it below the lasing threshold. Fig 2.18 (b)
shows the same diode gain-switched, but driven with a 1 ns electrical pulse, and with a
higher bias current. This plot highlights one of the disadvantages associated with GS as a
technique. There was a clear transient feature at the beginning of the pulse, followed by a
lower level longer tail. This transient is due to the relaxation oscillation style effectsmen-
tioned in the previous paragraph. It is hard to fully suppress this and have clean longer
pulses. Generally with GS, one can either select short clean pulses or longer pulses with
some sub-structure. With careful control of the bias current and electrical pulse ampli-
tude though, it can be negated somewhat. Another interesting possibility is the use of
nonlinear pulse shaping to clean up the sub-structure in the pulse, and this is discussed
later in this thesis.
The diodes used for GS in this thesis were all distributed feedback lasers (DFB). DFB
lasers have a periodic structure along the active region of the semiconductor, which acts
as the wavelength selection element in the laser cavity. Temperature tuning the diode
will result in the periodic structure expanding or contracting, hence changing the central
wavelength of the laser. Figure 2.18 (c) shows the spectral output of a GS laser diode
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Figure 2.18: Gain switched diode temporal and spectral properties of QD-
DFB-LD laser diode. (a) shows a typical clean short pulse of 50 ps duration,
(b) shows a longer pulse of approximately 1 ns duration, with a clear transient
structure, (c) shows the spectral tuning of the diodewith temperature from15±C
to 40±C.
62
2.4 Pump source options
operating at 1.06 ¹m. The diode was temperature tuned using a TEC peltier cooler from
15±C to 40±C, producing a wavelength shift of over 2 nm.
In summary, GS diodes can offer some advantages over their mode-locked counter-
parts, such as repetition rate and pulse duration tuning. In certain applications, such as
STED microscopy, the ability to synchronise the pulse train with another train of pulses
is essential.
2.4.4 Intensity-modulated diodes
Intensitymodulation of diodes, or indeed of CW lasers in general, is a versatile technique
for generating optical pulse trains, during which the laser is switched on and off very
quickly (at GHz switching speeds). However, in contrast to GS or other forms of direct
diode current modulation, the laser is allowed to lase CW and the beam is subsequently
deflected or absorbed extra-cavity to create the pulse train.
Figure 2.19 shows an intensity modulated seed source used in this thesis. In this case,
the CW laser was formed by a semiconductor chip with a gain spectrum centered around
1.05 ¹m, anti-reflection coated on the front side and a highly reflective coating on the
back side. The tunable fibre-Bragg grating and the chip formed an external-cavity laser
diode (ECLD). The fibre PC allowed intra-cavity control over the polarisation, and could
be used to help select a stable lasing mode for the ECLD. The intensity modulation was
performedby afibre coupled lithiumniobateMach-Zehnder amplitudemodulator (MZAM).
Such devices were originally designed for operation in telecommunications and data
transfer applications, and as such have bandwidths in the GHz range [Zer74, Mar75].
These high bandwidths enable fast switching speeds and hence, with suitable electrical
driving pulses, short optical pulses.
An MZAM operates as follows: written into the lithium niobate crystal is a Mach-
Zehnder interferometer, across one of the arms an electric field is set up through the
application of a DC voltage. The voltage induces a change in the local refractive index in
the lithium niobate due to the electro-optic effect. This refractive index change causes
a phase shift in the light passing through the crystal. By correctly setting the DC voltage
level, it is possible to make the light interfere destructively or constructively when the
two arms of the interferometer rejoin. Thus a MZAM can either be used to prevent or
allow the passage of light through the device. By applying electrical pulses of the correct
amplitude along with the DC voltage, it is possible to create a train of optical pulses out
of the device.
A simple illustration of this is shown in Fig 2.20. Vbias-max and Vbias-min are the voltage
settings for maximum and minimum transmission of light respectively. Vpulse is chosen
to match the difference in voltages between Vbias-max and Vbias-min, to create the largest
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Figure 2.19: Highly tunable intensity modulated laser diode (IM-LD). Tun-
able fibre-Bragg grating (TFBG) sets up the laser cavity with the semiconductor
chip, with intra-cavity polarisation control provided by the Fibre PC1. Fibre PC2
controlled the polarisation state into the Mach-Zehnder amplitude modulator
(MZAM), modulated through an internal bias-tee by electrical pulses and a DC
bias voltage. The tap coupler allows monitoring of the pulse extinction ratio.
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Figure 2.20: Depiction of intensity modulation pulsing technique, showing
the relationship between the voltage pulses, DCbias voltage and the optical out-
put pulse train.
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Figure 2.21: IM-LD temporal and spectral properties, (a) shows typical pulse
duration tuning from the IM-LD in Fig 2.19 and (b) shows the spectral tuning
achieved through strain-induced wavelength tuning of the fibre Bragg grating
(FBG).
amplitude pulses. The negative voltage Vpulse was a feature of the electrical pulse gener-
ators used in this thesis, but either positive or negative voltages could be used, as long
as the total amplitude of the voltage did not exceed the damage limit specified by the
manufacturer of the device (typically on the order of §20 V).
In the IM-LD setup, there was a polarisation controller before the MZAM. The polar-
isation state of the light entering the device needs to be carefully controlled, both for
efficient coupling into the waveguide structure, and to ensure the light undergoes the
maximumphase-shift possible for a givenDC voltage. The tap coupler was used tomon-
itor the extinction ratio of the optical pulses, as the bias voltage needed to be adjusted
over time to adjust for temperature changes in the crystal. After 30 minutes continu-
ous operation, the crystal reached an equilibrium state and the optimum bias voltage
remained constant (to within § 0.01 V).
Figure 2.21 shows the temporal and spectral properties of the laser depicted in Fig-
ure 2.20. By tuning the electrical pulses driving the MZAM, it was possible to tune the
optical pulses out of the device. Typical pulse durations were in the range 0.3-2.5 ns,
and closely followed the duration and shape of the electrical drive pulses. The laser was
spectrally tuned through the TFBG. Tuning from 1055-1075 nm was possible, shown in
Fig 2.21 (b). The increase in ASE whenmoving to longer wavelengths was due to the gain
profile of the semiconductor chip being centered around 1050 nm. Subsequent spec-
tral filtering was used to remove the unwanted ASE before the high power amplification
stages, discussed later.
In summary, intensity modulators offer a flexible route to generating pulses in the
ps-ns range at arbitrary repetition rates and tunable wavelengths. In contrast to gain-
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Figure 2.22: Schematic of a typical MOPFA layout used in this thesis. Each
amplifier stage is isolated from one another with fibre inline isolators, and a
spectral filter helps reduce ASE from being amplified in the power amplifier
stage.
switching the pulses were relatively clean from the shortest to longest durations, as the
pulse duration and shape was directly determined by the electrical drive pulses.
2.4.5 Master-oscillator power fibre amplifier configurations
The term master-oscillator power fibre amplifier (MOPFA), refers to using fibre based
amplifiers to amplify a small seed signal, typically from the mW to 10s of Watts level.
Some immediate advantages of using MOPFAs over either bulk master oscillator power
amplifiers (MOPAs) or high power oscillators directly are as follows:
• Fibre’s possess a very high capacity to extract heat, due to their large surface to gain
area.
• High efficiencies are readily achieved (>70 %) in Yb based systems [Pas97].
• Almost diffraction limited beam quality.
• Very high gain possible in multi-stage systems (10s dB).
There are however associated drawbacks with using all-fibre MOPFA systems. The
most prevelent of these is related to the relatively long lengths of fibre needed (m’s) com-
pared to (cm’s) in bulk systems. Such long propagation distance bring with them prob-
lems with unwanted nonlinear effects, such as Raman or Brillouin scattering, or Kerr
induced SPM/XPM. The build up of dispersion in long fibres can also be problematic,
unless carefully considered in the MOPFA design process.
Figure 2.22 shows a typical schematic of a fully fibre integrated MOPFA. Each stage of
theMOPFA is isolated fromone another through the use of fibre inline isolators. This is to
prevent parasitic back-reflections taking gain from the forward propagating signal, and
in the worst case from any strongly amplified back-reflections from damaging the seed
and/or amplifiers. The spectral filter is present to reduce theASE levels as the gain of fibre
amplifiers can be so high even very small signals can be amplified strongly. The MOPFA
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Figure 2.23: All-fibre integrated frequency doubling module. Light from in-
put/output polarisation-maintaining (PM) fibres is collimated/re-coupled us-
ing aspheric lens. Unit contains a temperature element control (TEC) mounted
second-harmonic generation (SHG) crystal, two dichroicmirrors to reject resid-
ual pump light and a TEC controlled base-plate. Image courtesy of T. Legg at
Gooch & Housego.
systems shown in Fig 2.22 is a generic case, depending on the input signal power and
the target output power, the number of amplification stages can vary. The results from
the MOPFAs in this work are presented with their corresponding parametric systems in
Chapter 3.
2.4.6 Second harmonic generation
MOPFAs are restricted to operating at thewavelength regions of typical rare-earth dopants,
so the use of aMOPFA as a parametric pump source restricts the pumpingwavelength re-
gion to that of Yb, Er etc. However, PCFs can be engineered to have the correct dispersion
properties for pumping at visible or near-visible wavelengths, and this has been demon-
stratedwith the use of pump lasers such as Ti:Sapphire andKr+ sources [Sha02,Har03]. It
would be advantageous however to keep the benefits of an all-fibre format pump source
and avoid the need for bulk lasers or components.
SHG is awidely-used technique to up-convert radiation fromone area of the spectrum
to another [Fra61]. Fibre basedMOPFA systems lend themselves naturally to SHG due to
their high beamquality and output powers, and SHGof Yb and Erb-based systems is now
a well developed technique [Pop00, Lar11, wC12]. Typically such sources employ a bulk
SHG stage, but it would be beneficial to have an all-fibre solution. An example of such a
fibre-integrated module, developed in collaboration with Gooch and Housego, is shown
in Figure 2.23 [Leg15]. The module can be spliced directly to the output of a high-power
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MOPFA system, providing a fibre coupled source of frequency doubled radiation. The
modules are compact, measuring 120£40£26.5 mm, and provide a robust alignment-
free alternative to bulk frequency doubling setups. Results of such a module operating
at 780 nm can be found in Section 3.4. Work was also carried out by colleagues in the
Femtosecond Optics group on modules operating around 560 nm, not described in this
thesis. The interested reader is referred to the following for more information [Leg15,
Run15].
2.5 Summary
In this chapter, the two main components of fibre based parametric systems have been
introduced and discussed: the pump sources and parametric gain fibres.
In looking at the fibres, the phase-matching conditions and appropriate methods of
calculating these conditions were introduced. In order to calculate the phase-matching
conditions, the dispersion of the given structures is also needed, and two different ap-
proaches to finding the dispersion properties were introduced.
Different approaches to generating high peak-power, narrow linewidth seed sources
were contrasted, looking at active and passivemode-locking, followed by gain-switching
diodes and intensity modulation of ECLDs. We then briefly discussed the amplification
of these sources inMOPFA chains, to take the peak power to the kW level needed for effi-
cient parametric generation in fibre. The spectral extension of MOPFA systems through
fibre integrated frequency doubling modules was also introduced.
The next chapter takes these sources and principles of phase-matching and puts them
into practice, with the realisation of three different fibre parametric systems. Wewill also
discuss some ongoing and future work looking at simultaneous Yb-parametric ampli-
fiers, in effect the combination of the two components introduced in this chapter into
one fibre.
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3.1 Introduction
In chapter 2 the tools necessary to realise fibre based parametric sources were presented,
highlighting the importance of phase-matching in optical fibres throughdispersion engi-
neering of fibres and the use of suitable narrow linewidth pump sources. In this chapter,
results of the experimental demonstrations of these concepts are presented.
Fibre based parametric sources can be implemented using a number of different ar-
chitectures. An illustration of three differing parametric wavelength conversion schemes
is shown in Figure 3.1. The most simple of these, the fibre optical parametric converter
(FOPC), shows the generation of parametric sidebands in a single-pass configuration. Al-
ternatively, a FOPCmay be converted to a fibre optical parametric amplifier (FOPA), with
the addition of a suitable seed signal at the Stokes or anti-Stokes wavelength coupled in
with the pump wavelength, or, if appropriate dichroic mirrors are placed at the input
and output of the parametric fibre to set up a cavity, a fibre optic parametric oscillator
(FOPO) can be implemented. FOPOs can be either singly or doubly resonant, dependent
on whether the Stokes and/or anti-Stokes waves are re-circulated in the cavity. The fibre
in a FOPC/FOPA/FOPO can be replaced with a PCF, to make PCF-OPC/OPA/OPOs. This
is the nomenclature adopted throughout this chapter.
The chapter is set out as follows: Section 3.2 details results from a PCF-optical para-
metric oscillator (PCF-OPO) and Section 3.3 describes a PM-PCF optical parametric con-
verter (PM-PCF-OPC), both emitting radiation in the near-visible band between 740-
810 nm, at MHz repetition rates with picosecond to nanosecond pulse durations. Sec-
tion 3.4 presents results of a PCF-OPC emitting in the visible around 660 nm, with 210 ps
pulse durations at 50 MHz, based upon an all fibre-integrated frequency-doubled Er-
MOPFA system. Section 3.5 presents a summary of the different parametric systems pre-
sented, along with an outlook on current and future work on FWM-based fibre devices.
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FOPC FOPA FOPO
Figure 3.1: Illustration of differing parametric wavelength conversion
schemes. A fibre optical parametric converter (FOPC), a fibre optical parametric
amplifier (FOPA) and a fibre optical parametric oscillator (FOPO). Arrow colour
scheme: green - pump wave, red - Stokes wave , blue - anti-Stokes wave.
3.2 Fibre optic parametric oscillator
PCF-OPOswere first demonstrated in 2002 [Sha02], closely following the first experimen-
tal results from a PCF-OPC [Sha01]. These initial results involved the pumping of PCFs
in the anomalous dispersion region, restricting the parametric output wavelengths to
within tens of nms of the pump wavelength. The first demonstration of normal disper-
sion pumping in PCF came a year later, with the generation of blue and near-IR anti-
Stokes/Stokes waves from a Kr+ pump laser operating around 647 nm [Har03]. Harvey
et al. had demonstrated for the first time the potential of PCF based parametric devices
with large tuning ranges spanning hundreds of nanometers; in particular the ability to
generate visible and near-visible radiation, an area of the spectrum traditionally domi-
nated by bulk lasers. The advantages inherent to fibre-based systems were generally lost
in these early PCF-OPO results, as the pump lasers used were typically Ti:Sapphire or
Kr+ based sources. Bulk lasers such as these also typically exhibit fixed repetition rates
and/or pulse durations. The use of fibre-based MOPFA systems with master-oscillators
such as gain-switched or intensity modulated diodes, as discussed in Chapter 2.4, pro-
vides a route to greater flexibility in the parametric output than bulk pump sources can
offer. The potential of all-fibre integration of these systemswith the parametric gain fibre
is also attractive.
This section describes a PCF-OPO, based on a GS diode amplified in an Yb-based
MOPFA chain used to synchronously pump a linear parametric cavity. The results pre-
sented were published in [Mur12].
3.2.1 Experimental setup
The experimental setup of the PCF-OPO is shown in Figure 3.2, with (a) illustrating the
MOPFA and (b) the oscillator. The MOPFA consisted of a GS laser diode (GS-LD - QLD-
1064) described in Chapter 2.4.3. The output of the diode was linearly polarised and
the pulse duration could be altered from 50-2000 ps by adjusting the bias voltage and/or
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Figure 3.2: (a) Picosecond Yb-MOPFA scheme, consisting of a gain-switched
laser diode (GS-LD), two Yb-doped fibre amplifiers (YDFA1/2), a fibre in-line
collimator head (COLL), waveplates (Q/HWP) and a bulk Faraday isolator (ISO).
This was used to pump the fibre optic parametric oscillator (PCF-OPO) shown
in (b), consisting of two cavity end mirrors (M1/2), two beamsplitters (BS1/2),
a photonic-crystal fibre (PCF) and fibre coupling lens (L1/L2), an intra-cavity
quarter wave-plate (QWP). M2 was mounted on a translation stage for cavity-
length tuning. The grey line indicates the path of the re-circulating anti-Stokes
sideband.
electrical pulse duration/voltage. The repetition rate was tunable from 1–250 MHz, al-
lowing synchronisation of the pump pulses with re-circulating parametric waves in the
oscillator. For the cavity described herein, 220 ps pulses at a repetition rate of 17.984MHz
were used.
The pulses were amplified in two Yb-doped amplifiers (YDFA1/2 - YAU-10/YAR-30-
1064-SF) to an average power of 15W (measured after the ISO), with the fibre output col-
limated by an in-line fibre collimator (COLL). The amplifier stages were non-PM, there-
fore a quarter-half-quarter waveplate (QWP/HWP/QWP) combination was necessary to
correct any polarisation drift in the amplifier stages. A bulk Faraday isolator (ISO) was
used to prevent parasitic back-reflections into the MOPFA. The HWP and ISO also pro-
vided average power control; the power coupled into the cavity could be changed through
adjustment of the HWP without altering the power amplifier settings, avoiding potential
changes in the pumppulse parameters. The amplified output of theMOPFA exhibited no
signs of degradation, either temporal or spectral, below 15W of average power. However,
beyond this power level, corresponding to a peak power of 3.5 kW, spectral linewidth
broadening through SPM was observed; as such the MOPFA was operated below this
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Figure 3.3: (a) Calculated dispersion curve for PCF-1 used in the PCF-OPO
cavity, dotted grey lines indicate the ZDW and zero-dispersion line. (b) SEM
image of PCF-1 shown with scale bar.
level throughout the experiment.
After amplification, the pulses were coupled into the cavity shown in Figure 3.2 (b). A
beamsplitter (BS1 - T(ransmission)1060=0.992,T760=0.04)was used to preferentially trans-
mit the pump light at 1060 nm and reflect anti-Stokes light at 760 nm. The lenses (L1/2
- f=3.3 mm) were used to couple the light in/out of the PCF, and both lenses were anti-
reflection (AR) coated at both the pump and anti-Stokes wavelengths. A second beam-
splitter (BS2 - T1060=0.032 & T760=0.921) was used as an intra-cavity pump-dump. The
cavity end mirrors consisted of a broadband silver mirror (M1) and the output-coupler
(M2 - T0.73=0.992 & T760=0.12). The QWP in the cavity was used to optimise the intra-
cavity polarisation state of the re-circulating anti-Stokes signal for maximum paramet-
ric generation. M2 was mounted on an axial translation stage allowing fine tuning of
the cavity length for synchronisation control between the pump and re-circulating anti-
Stokes signal.
The calculated dispersion curve for PCF-1 used in the PCF-OPO cavity is shown in
Figure 3.3 (a), with the dotted grey lines indicating the ZDW of the fibre at 1.108 ¹m and
the line of zero-dispersion. Shown in the corresponding figure, (b), is an SEM image
of the fibre end. The MFD of the fibre was 5.5 ¹m at 1060 nm and 5.4 ¹m at 760 nm.
The fibre had loss coefficients of 27 dB/km at 1060 nm and 32 dB/km at 760 nm. The
nonlinear coefficient of the fibre °was 9.2W¡1km¡1 at the pumpwavelength of 1060 nm.
A 2.6 m length of fibre was used in the cavity, chosen as a suitable compromise between
maximising nonlinearity and maintaining a reasonable fundamental repetition rate for
the cavity.
The calculated phase-matching curves for PCF-1 are shown in Figure 3.4. The grey
curve represents the purely linear phase-matching case, and the black curve shows the
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Figure 3.4: Phase-matching curve for PCF-OPO based on PCF-1. Dotted
black line indicates the zero-dipersion wavelength (ZDW), dashed-dotted lines
indicate the predicted parametric sidebands when pumping around 1.06 ¹m.
The legend indicates the pump power for the differing phase-matching curves.
phase-matching for pump pulses with a peak power of 3.5 kW. In the normal disper-
sion regime, it is only when pumping close to the ZDW that nonlinear effects change the
phase-matching conditions significantly, as discussed in Section 2.3. When the pump
is shifted lower into the normal the linear dispersion dominates. The dotted black line
shows the ZDW of the fibre, and the dashed-dotted lines the predicted parametric side-
bands when pumping around 1.06 ¹m. Thus by pumping in the low-normal disper-
sion region at 1.061 ¹m, parametric sidebands were predicted to occur at 761 nm and
1780 nm.
3.2.2 Cavity results
Unlike laser systems based on active ions, parametric systems have no gain storage; there
is an instantaneous transfer of energy between the interacting waves. This means para-
metric oscillator systems must be synchronously pumped. It is beneficial to keep the
number of round-trips that re-circulating pulses have to traverse the cavity without co-
propagating with another pump pulse, to a minimum; this is to decrease the net loss fig-
ure for the cavity. As such the repetition rate of the GS diode, fd , was set to be half of the
cavity fundamental, f f , to increase the peak power of the pump source, and hence the
parametric gain, whilst remaining close to the fundamental repetition rate of the cavity.
The spectral output of the cavity can be seen in Figure 3.5 (a). The oscillator produced
a strong signal centred at 762 nm, in close agreement with the predicted anti-Stokes
wavelength of 761 nm for a corresponding pump wavelength of 1061 nm. The cavity
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Figure 3.5: Spectral output of the PCF-OPO cavity. (a) The pump and anti-
Stokes sideband at 762 nmon awide scan. (b)The anti-Stokeswavelength being
tuned through pump wavelength temperature induced tuning.
enhanced the parametric gain by over 45 dB, and when the recirculating signal at M2
was blocked, no parametric output was observed. Parametric generation was only ob-
served when the pump polarisation was correctly aligned with one of the principal axes
of the fibre. However, there was no observable difference in the phase-matched wave-
lengths when switching the pump between the principal axes. This was attributed to the
low birefringence in this fibre, and hence the similarity in the phase-matching condi-
tions for the two axes. The polarisation of the anti-Stokes sideband was measured to be
in the same state as that of the pump wavelength, verified when pumping on both axes,
confirming scalar pump-degenerate FWM.
There was a low level radiation sideband centred around 920 nm observable in Fig-
ure 3.5 (a); this was the short wavelength edge of a low-level Raman-soliton supercontin-
uum which formed due to non-optimal phase-matching of the pump wavelength. The
supercontinuum components from 920–1060 nm were filtered out by the intra-cavity
pump dump leaving only the component visible around 920 nm.
Due to the limited spectral range of the optical spectrum analyser (OSA) used, the
Stokes wavelengths could not bemeasured directly. To confirm there was a Stokes signal,
the output of the cavity was dispersed using a prism. Through the use of a high pass
optical filter and a thermal power meter, radiation above 1.7 ¹mwas detected.
The spectral tuning of the PCF-OPO is shown in Figure 3.5 (b). The tuningwas achieved
through temperature tuning themaster-oscillator GS diode. The diode could be temper-
ature tuned in the range 10-65±C with the use of a Peltier element, corresponding to a
central wavelength shift of 1060.5-1064.0 nm, results of which were presented in Sec-
tion 2.4.3. This narrow tuning range of 3.5 nm provided a tuning of over 16 nm in the
anti-Stokes region, from 757-773 nm. The differences in spectral widths and shapes ev-
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Figure 3.6: Comparison of pump and anti-Stokes pulses from the PCF-OPO,
measured using a synchronously-scanning streak camera (Hammamatsu-OOS-
01). The grey arrows and corresponding text indicates the full-width half-
maximum (FWHM) duration of the pulses.
ident in Figure 3.5 (b) arose from slight changes in the output power level each spectra
was recorded at, however the 3 dB spectral linewidth across the whole anti-Stokes tuning
range was measured to be less than 0.2 nm. The tuning range of the oscillator could be
extended further through the use of dispersion tuning. Suchdispersion tuning is possible
using various methods, including adjustment of the cavity length [Zho10], temperature
tuning of the parametric fibre [Kud11] and stretching the fibre [Byr92].
Figure 3.6 shows a comparison between the pump and parametric pulses. The traces
were measured using an optical scanning oscilloscope (Hammamatsu OOS-01), with a
minimum temporal resolution of 20 ps. The top trace shows the pump pulses at 1061 nm
at an average power of 15 W, measured to have a FWHMduration of 220 ps (indicated by
the grey arrows). The pump pulse duration remained constant across the whole power
range of the Yb-MOPFA. The pulse exhibited strong asymmetry, due to the pulsing dy-
namics of the GS laser diode, as discussed in Section 2.4. The bottom trace in Figure 3.6
shows the corresponding parametric pulse at 762 nm, measured to have a FWHM dura-
tion of 150 ps at an output power of 153 mW. The nonlinear conversion process resulted
in a shorter and more symmetric pulse shape, due to parametric gain shaping effects.
This gain shaping effect was due to the intensity dependent nature of the nonlinear con-
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Figure 3.7: PCF-OPO total cavity output power as a function of cavity-
detuning. Cavity delay introduced through on-axis translation of the cavity out-
put coupler M2.
version, a beneficial process which can result in the shaping of input pulses to “cleaner”
output pulses, both spectrally and temporally.
The output coupler mirror (M2) in the cavity was mounted on a translation stage
to enable fine-tuning of the cavity length. Figure 3.7 shows a plot of cavity de-tuning
against cavity output power; by de-tuning the cavity away from the resonant harmonic
frequency, the total power from the cavity was found to decrease. This confirmed the
synchronous operation of the PCF-OPO, and further proof of the synchronisation could
be taken from the duration of the envelope of the cavity de-tuning plot. The envelope
had a duration of approximately 150 ps, i.e., the cavity resonated over a distance equiv-
alent to the duration of the anti-Stokes pulse, as would be expected. Coupled with this
was the asymmetric shape of the envelope, produced due to the convolution of two non-
identical pules, in the form of the pump and anti-Stokes pulses. If the cavity was de-
tuned such that the PCF-OPO no longer oscillated, it was possible to force the device
to resume oscillation by adjusting the repetition rate of the GS diode to match the new
cavity round-trip time.
Figure 3.8 shows the anti-Stokes output power of the cavity as a function of increasing
input powers. The black/grey circles and crosses represent plots of different anti-Stokes
wavelengths, with the legend indicating the slope conversion efficiencies in each case.
The conversion efficiency was found to increase with increasing wavelength; this was at-
tributed to the wavelength dependence of the output coupler M2. Alongside this wave-
length dependence of M2, the shifting of the anti-Stokes sideband to longer wavelengths
was achieved by moving the pump wavelength closer to the ZDW. As was shown in Fig-
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Figure 3.8: PCF-OPO anti-Stokes slope conversion efficiencies for different
PCF-OPO output wavelengths. The legend indicates the anti-Stokes wavelength
and the corresponding slope conversion efficiency.
ure 2.8, such a pump-shift towards the ZDW results in an increase in the phase-matched
bandwidth, and a potential increase in the amount of pump-power contained within the
that bandwidth, dependent on the exact pump linewidth/phase-matched bandwidths.
3.2.3 Summary
In this section, a compact and wavelength tunable PCF-OPO was presented. The device
emitted 150 ps pulses, tunable from 757-773 nm at average power levels of 100s of mWs.
This is a spectral region and power level of potential interest for STED applications in-
volving the imaging of colour centres in diamond [Rit09]. The use of a GS laser diode as
themaster oscillator allows greater flexibility in synchronisation to an external clock than
with a mode-locked alternative. The overall conversion efficiency of the device was lim-
ited by both the longitudinal variations of the core diameter, and the spectral-linewidth
of the pump source. The synchronous pumping of the cavity at relatively high repeti-
tion rates ensured an extra piece of delay fibre was not necessary, lowering the nonlinear
length-product of the cavity. This helped avoid unwanted nonlinear effects which can be
associated with cavities requiring long lengths of delay fibre [dW11].
3.3 Fibre optic parametric converter
The PCF-OPO described in Section 3.2 was limited in the tuning range of both the wave-
length and repetition rate, due to the limited wavelength tunability of the seed oscillator
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Figure 3.9: PM-PCF-OPC setup diagram and associated MOPFA scheme.
Light from an intensity-modulated external-cavity laser diode (IM-ECLD) was
amplified in two ytteribumdopedfibre amplifiers (YDFA1/2)with an inter-stage
tunable band-pass filter (TBPF) and collimated by an in-line fibre collimator
(COLL). Polarisation control provided by quarter/half waveplates (Q/HWP) and
an isolator (ISO). AR-coated aspheric lenses (L1/2) used to couple in/out of the
polarisation-maintaining photonic-crystal fibre (PM-PCF). Output indicated by
grey arrow (OUT).
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Figure 3.10: (a) Calculated dispersion curve for PCF-3 used in the PCF-OPC,
dotted grey lines indicate the ZDW and zero-dispersion line. Only one axis of
the fibre was shown due to the large scale used. (b) SEM image of PCF-3 shown
with scale bar.
and the use of a synchronous cavity configuration. A more flexible approach is to use
a FOPC design, illustrated in Figure 3.1, which removes the restrictions imposed on the
repetition rate by the cavity. A more tunable seed source, in the form of an IM-ECLD,
brings greater wavelength tunability to the system. This section describes a PM-PCF-
OPC based on these principles, the results of whichwere published in [Mur13a,Mur13b].
3.3.1 Experimental setup
The experimental setup for the PM-PCF-OPC is shown in Figure 3.9. Light from the IM-
ECLD, described in Section 2.4.4, was employed in an Yb-MOPFA scheme. The MOPFA
scheme was similar to that used as the pump source for the PCF-OPO in the previous
section, with the addition of a tunable band pass filter (TBPF - ¢¸ = 1 nm) between the
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Figure 3.11: Phase-matching curve for PCF-3 used in PM-PCF-OPC, with the
principal axes indicated in the legend. The inset shows the range over which the
pump wavelength could be tuned, the red points are the experimentally mea-
sured anti-Stokes wavelengths.
amplification stages to prevent amplification of un-wanted ASE. The filter was essential
when operating the IM-ECLD at longer wavelengths, due to the position of the centre
of the gain-profile of the ECLD (centred around 1050 nm) relative to the amplifier gain
band. The MOPFA produced up to 25 W of average power (measured after the ISO). The
ASE containedwithin the amplifiedpulseswas less than 2%of the total pulse energy from
1055-1070 nm, increasing to 5% above 1070 nm due to operating the power amplifier
(YDFA2) out of its specified gain-bandwidth (1060-1070 nm).
The fibre was designed to be highly birefringent, and hence PM, to allow for greater
wavelength tunability of the parametric output. The birefringence was introduced by
the non-symmetric nature of the lattice of the PCF, seen in Figure 3.10 (b), through the
inclusion of two larger air holes near the centre of the lattice. Figure 3.10 (a) shows the
calculated dispersion curve for one of the fibre axes. However, the fibre exhibited two
distinct principal axes, with ZDWsof 1.108¹mand 1.112¹mrespectively. The groupbire-
fringence was calculated to be 0.5x10¡4, and the fibre had loss coefficients of 10.1 dB/km
at 0.775 ¹m and 7.1 dB/km at 1.06¹m. The fibre was also manufactured with the dis-
persion fluctuation mitigation strategies discussed in Section 2.3.5 designed to increase
overall parametric conversion efficiencies [Mus12, Kud13].
3.3.2 Results
The phase-matching curve calculated from the dispersion data of PCF-3 is shown in Fig-
ure 3.11. The black and grey curves correspond to the phase-matching curves for the
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Figure 3.12: PM-PCF-OPC anti-Stokes spectral tuning, achieved by tuning
of the pump wavelength from 1055-1075 nm. Black and grey curves represent
the two principal axes of the fibre, and the red shaded regions indicate the ex-
tra tuning range provided through using a PM fibre. Spectral intensities of the
curves are normalised.
two principal axes of the fibre. The inset shows the same curves focused in the region of
available pump tuning, and highlights the wide tuning range possible in the near-visible
spectral region. The red points are the experimentally measured data points and were
in good agreement with the calculated phase-matched wavelengths. The tuning range
extended over 70 nm for 20 nm of pump wavelength tuning. A 3 m length of fibre was
used, the length being chosen to minimise competing nonlinear effects, predominately
SRS, and tomaximise the parametric gain. The fibre length was optimised for the system
operating at 15 MHz and with 1 ns duration pulses, as these parameters represented the
centre of parameter space for the possible operation of pump.
Figure 3.12 shows the anti-Stokes output of the PM-PCF-OPC. The black and grey lines
correspond to the spectra obtained by pumping the PCF on axis 1 and axis 2 respectively,
as highlighted in Figure 3.11, and tuning the pump wavelength in 2 nm steps from 1055-
1075 nm. The anti-Stokes output was measured to be linearly polarised and in the same
polarisation state as the pump wavelength, confirming scalar FWM. The use of PM fi-
bre over non-PM fibre in the device increased the spectral tuning of the output through
phase-matching available from the two principal axes, providing an extra 13 nm of tun-
ing. The pumpwas launched at 45 degrees to themain polarisation axes in an attempt to
stimulate vectorial FWM, however, no such mixing was observed. This lack of vectorial
mixing was attributed to the lower gain associated with vectorial FWM over scalar FWM.
The results presented in Figure 3.12were takenwith pump settings of 0.3 ns and 20MHz.
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Figure 3.13: Spectral broadening of the anti-Stokes output from the PM-
PCF-OPC at a fixed pump wavelength. Legend indicates the power contained
in the anti-Stokes sideband. The inset shows the SPM induced broadening of
the pump wavelength after propagation through the PM-PCF. Spectral intensi-
ties of the curves in both the main plot and inset are normalised.
The average power contained in the anti-Stokes sideband was maintained at or below
100mW in each case in order tomaintain the anti-Stokes spectral linewidth below0.3 nm.
Above these power levels, the linewidth of the produced parametric sidebands would
broaden considerably. This effect is highlighted in Figure 3.13, where the anti-Stokes
spectrum is plotted at increasing levels of output power, with the legend indicating the
power contained in the anti-Stokes sideband.
This spectral broadening of the anti-Stokes was attributed to pump-induced spec-
tral broadening through SPM. The inset of Figure 3.13 highlights this process, show-
ing the pump spectrum at an average power of 20 W before (grey spectrum) and af-
ter (black spectrum) propagation through the PM-PCF. The pump has broadened out
through SPM, evident from the modulations present in the spectrum. Such spectral
broadening was transferred to the anti-Stokes sideband through the FWM process with
increasing pump power.
Figure 3.14 shows the anti-Stokes output power from the PM-PCF-OPC as a function
of increasing pump power. The legend indicates the pumping wavelength used for each
curve, along with the corresponding slope conversion efficiencies. Pumping furthest
from the ZDW at 1055 nm led to the lowest slope conversion efficiency of 8.1%. At this
wavelength, the pump was furthest into the normal dispersion region and would there-
fore have the smallest phase-matched bandwidth. Moving to 1065 nm, the efficiency
rose to 14.9%, this increasewas attributed to the expected increase in the phase-matched
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Figure 3.14: PM-PCF-OPC anti-Stokes slope conversion efficiencies for dif-
ferent pump wavelengths. The legend indicates the pump wavelength and the
corresponding slope conversion efficiencies of the curves.
0 1 2 3 4 5 6
Time (ns)
0.0
0.2
0.4
0.6
0.8
1.0
In
te
ns
ity
 (A
U)
0.20 ns
0.49 ns
1.00 ns
1.50 ns
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bandwidth and also the shifting into the optimal band of operation for the power ampli-
fier (1060-1070 nm). The decrease in efficiency when moving to 1075 nm was caused by
shifting back out of the optimal amplification band and the corresponding increase of
ASE.
The conversion efficiencies presented in Figure 3.14 were taken with the following
pump pulse parameters: 0.3 ns pulse duration at 15 MHz with average powers up to
20W. This corresponded to amaximumpeak power of 4 kW. These conversion efficiency
results were typical of the device over a broad range of operating parameters, provided
that the peak-power level did not exceed this value. This could be ensured for exam-
ple, by compensating an increase in pulse duration with a decrease in repetition rate to
maintain the peak-power at a constant level.
Coupled with a highly tunable spectral output, the PM-PCF-OPC had the capability
for wide-tuning of the parametric output pulse durations. This is shown in Figure 3.15,
a plot of the anti-Stoke pulse duration achieved through direct tuning of the pump pulse
duration, at a repetition rate of 5MHz and anti-Stokes output powers exceeding 500mW.
The legend indicates the measured pulse durations. Again the parametric pulses were
slightly shorter than the corresponding pumppulses, due to the parametric gain-shaping
effect discussed in Section 3.2.
3.3.3 Summary
In this section, a versatile source of near-visible radiation in the 740-810 nm spectral re-
gion has been presented. Both the IM-ECLD and PM-PCF allowed greater tuning in the
parametric converter thanwas demonstrated in the PCF-FOPOdevice in Section 3.2, due
to the extra pumpwavelength tunability and phase-matching parameter space available.
Pulse durations in the range 0.2-1.5 ns and repetition rates from 1-30MHzwere possible,
providing the peak power of the Yb-MOPFA pump source did not exceed 4 kW. Beyond
this level, the onset of spectral degradation of the pump linewidth was observable, and
the parametric conversion efficiencies would quickly fall off. Output powers approach-
ing the watt level were achieved, but with accompanying spectral linewidth degrada-
tion of the anti-Stokes output at the higher power levels. One route to alleviating this
issue is through the use of an appropriate seeding signal to seed the Stokes side wave-
length, with this technique having been recently shown to help maintain the parametric
linewidth [Lef12].
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Figure 3.16: Er-MOPFA based PCF-OPC setup diagram. Consists of:
distributed-feedback laser diode (DFB-LD), Er-doped fibre amplifiers (EDFA1-
4), fibre polarisation controllers (FPC1-2), Mach-Zehnder amplitude modula-
tor (MZAM), bias-tee, electrical-pulse generator (EPG), tap coupler (TAP), fibre-
integrated second-harmonic generation module (SHG-module), lenses (L1-5),
half-wave plate (HWP) and photonic crystal fibre 2 (PCF-2). The module con-
tains a periodically-poled lithium niobate crytal (PPLN), aspheric lenses L1/2
and a dichroic mirror (DM).
3.4 Frequency-doubling based visible parametric
conversion
Direct SHG of either Yb or Er-MOPFAs can be used to access visible and near visible
radiation, at around 532 nm and 775 nm respectively. However, there is a lack of well
developed commercially available MOPFA pump sources operating in the 1.2-1.3 ¹m
band, which could then be frequency doubled to reach the red part of the visible spec-
trum. Bismuth (Bi) is a active rare-earth dopant of interest in this region, but Bi based
devices have not yet reached commercial maturity [Dia12, Cha11]. By combining well-
established SHG technology with subsequent FWM, it is feasible to reach these spectral
regions not attainable by direct doubling alone. Such an approach has the potential to
create compact fibre-integrated sources of radiation thoughout the visible.
The parametric conversion sources discussed so far were based on Yb-MOPFA pump
schemes with central wavelengths at 1.06 ¹m. In this section, a PCF-OPC making use of
a frequency-doubled Er-MOPFA as the pump source is presented. The shift of the pump
source to a shorter wavelength increases the easewithwhich it is possible to access larger
regions of the visible spectrum. The results presented herein have been published in the
following [Hu14, Leg15].
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Figure 3.17: Er-MOPFA spectral, (a), and temporal output, (b), at an average
power of 15.6 W and a repetition rate of 50 MHz.
3.4.1 Experimental setup
The experimental setupdiagramof the Er-MOPFAbasedPCF-OPC is shown in Figure 3.16.
The seed laser for the Er-MOPFA was an intensity modulated DFB laser-diode (LD). The
principal of operation for this diode was similar to the IM-ECLD source described in
Section 2.4. The DFB-LD had a central wavelength of 1560 nm and was amplified in an
Er-doped fibre amplifier (EDFA-1) before being modulated by a MZAM. A fibre polari-
sation controller (FPC-1) was necessary to correct for any polarisation drift in EDFA-1
and maximise both the transmission through the MZAM and the pulse extinction ratio.
The MZAM was modulated with pulses from an electrical-pulse generator (EPG) and a
DC voltage combined through a bias-tee. EDFA-2 and EDFA-3 were used to amplify the
signal power to ¼1 W. A tap coupler was integrated into the system between EDFA-3 and
EDFA-4; this enabled livemonitoring of the pulse extinction ratio and signal input power
to the power amplifier, EDFA-4.
The Er-MOPFA produced up to 15.6W of average power at a repetition rate of 50MHz.
The pulse duration was tunable in the range 0.4-2.0 ns, but a FWHM duration of 430 ps
at 50MHzwas found to be optimal for parametric generation, discussed in Section 3.4.2.
This duration and repetition rate were used for all the results presented of this system.
The spectral and temporal output of the Er-MOPFA at this operating point are shown in
Figure 3.17. The 3 dB spectral linewidth was measured to be 0.01 nm or less, limited by
the resolution of the OSA.
The output of the Er-MOPFA was spliced to the fibre-integrated SHG module. The
modulewas introduced in Section 2.4.6 alongwith an accompanying 3-Ddrawing shown
in Figure 2.23. Themodule contained a periodically-poled 5mol%MgOdoped congruent
lithium niobate crystal (dimensions 35£3£1mm), two aspheric lenses L1 and L2 to cou-
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Figure 3.18: Frequency doubled 780 nmspectral, (a), and temporal, (b)prop-
erties at an average power of 3 W.
ple the light in/out of the device and a dichroic mirror (DM) to split the residual pump
and the frequency doubled light. The baseplate of the module was kept at 30 ±C with
peltier thermo-electric stabilisation to ensure stable fibre coupling. The crystal was kept
at 70.25 ±C for optimum SHG, also with Peltier thermo-electric stabilisation. The crystal
had a poling period of 19.48 ¹m, a phase-matched bandwidth of 0.35 nm at 1560 nm and
was AR coated on both faces (R1560=0.3% and R780=0.5%). The input/output fibre of the
module was PM and a PER of 25.2 dB was achieved at the output of the device, with a
780/1560 nm contrast ratio of 44 dB.
The spectrum and pulse duration of the 780 nm light are shown in Figure 3.18 (a) and
(b) respectively, at a 780 nm average power of 3.5 W. The measured wavelength was not
at the exact second-harmonic of the fundamental, but this was due tomiscalibration be-
tween theOSAs used to take themeasurements, rather than any physical effect. The SHG
spectrum had a linewidth of 0.1 nm or less, again resolution limited by the OSA used.
The pulse durations of the fundamental and SHG signals were very similar, at 430 ps and
410 ps respectively.
Figure 3.19 (a) shows the second-harmonic (SH) power as a function of fundamental
power along with the corresponding conversion efficiencies, taken at the optimal crystal
temperature of 70.25±C. A maximum of 3.6 W of 780 nm light was generated at an in-
put power of 15.6 W of 1560 nm light, corresponding to a conversion efficiency of over
20%. The polarisation state of the light entering the crystal was optimised through the
adjustment of the FPC-1, necessary due to the non-PM nature of the power amplifiers
(EDFA3/4). Figure 3.19 (b) shows the effect on the SH power of tuning the temperature
of the PPLN crystal. Tuning the temperature of the PPLN crystal changed the phase-
mismatch of the interacting waves, and the low power wings visible in the plot are typical
of the sinc2 function that describes SHG intensity against phase-mismatch. The power
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Figure 3.19: (a) SHG output power and corresponding conversion effi-
ciency, the black line is the SHG power and grey line the conversion efficiencies.
(b) Temperature tuning of PPLN crystal and corresponding SHG output power
from the module.
was found to rapidly fall off with increasing phase-mismatch, with a 3 dB temperature
width of 1.7±C.
3.4.2 Visible parametric generation
The 780 nm pump source was then used for visible light parametric generation. A fi-
bre (PCF-2) with low normal dispersion at 780 nm was chosen as the parametric gain
medium. Figure 3.20 (a) shows the calculated dispersion curve for PCF-2, the SEM of
which is shown in (b). The dotted grey lines indicate the ZDWand the line of zero disper-
sion. The fibre was birefringent due to the asymmetric nature of the PCF structure, and
as such had two ZDW’s closely separated at 786.5 nm and 787.6 nm. The group birefrin-
gence was calculated to be 3£10¡5 at 790 nm. The PCF had a core diameter of 2.3 ¹m, a
pitch of 2.6¹mand an air-filling fraction in the lattice region of greater than 90%. As such
the fibre exhibited a relatively high loss of 89 dB/km. However, due to the short lengths
of fibre used in this experiment, this loss value was not prohibitively high. The small core
diameter resulted in the fibre having a large nonlinear coefficient of 80 W¡1km¡1.
The phase-matching curves for PCF-2 are shown in Figure 3.21. The black and grey
lines correspond to the two principal axes of the fibre. By pumping at 780 nm, parametric
sidebands were predicted to occur and 649.5 nm and 976 nm for the fast axis, and at
642.5 nm and 992 nm for the slow axis.
The 780 nm light from the frequency doubled Er-MOPFA was coupled into a 8.7 m
length of PCF-2, using an AR-coated aspheric lens (f=2.0 mm), with coupling efficiencies
exceeding 60%. The optimum length of fibre was ascertained by determining the opti-
mum power length product on a longer length of the same PCF, and then cutting back
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Figure 3.20: (a)Calculated dispersion curve for PCF-2 used in the Er-MOPFA
based PCF-OPC, dotted grey lines indicate the ZDW and the zero-dispersion
line. (b)Digitised SEM image of PCF-2 shown with scale bar.
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Figure 3.21: Phasematching curve for PCF-2 used in Er-MOPFA based PCF-
OPC, calculated for a peak power of 200 W. Grey and black lines represent the
principal axes of the PCF.
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Figure 3.22: Full spectral output from the Er-MOPFA based PCF-OPC for the
fast and slow axes of PCF-2. Legend indicates principal axis of fibre used.
accordingly. This again ensured strong FWM whilst preventing the onset of competing
nonlinear effects such as SRS. A HWP was used to control the polarisation state of the
light entering the PCF - the correct alignment was critical for efficient parametric gener-
ation.
The full spectral output from the Er-MOPFA based PCF-OPC is shown in Figure 3.22.
The black and grey plots indicate the pumping of the fibre on the slow and fast axis re-
spectively. Low level SRS and the corresponding anti-Stokes Raman linewere visible cen-
tred around the pumpwavelength (located around 816 nmand 741 nm respectively), but
were over 30 dB lower than the pump. Parametric generationwas observed in both cases,
with pumping on the fast axis generating sidebands at 668 nm and 937 nm, and pump-
ing on the slow axis generating sidebands at 662 nm and 948 nm. These values were in
fairly good agreement with the predicted sideband positions of 649.5 nm and 976 nm
for the fast axis and 642.5 nm and 992 nm for the slow axis. The difference in the pre-
dicted and experimentally measured sideband wavelengths was attributed to the large
air-filling fraction of the PCF used, and the associated uncertainty that such a large air-
filling fraction contributes to the dispersion calculations of the fibre. Any slight change
in the SEM image post-processing would result in a large change in the dispersion and
hence phase-matching, due to the very thin (¼100 nm) silica struts. Coupled with these
processing errors are physical differences in the thickness of the struts/core size along
the length of the fibre, and these differences would also introduce errors between the
measured and predicted values.
The spectral and temporal output of the anti-Stokes parametric sidebands is shown
in Figure 3.23. The FWHM spectral linewidth was measured to be 3.3 nm, considerably
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Figure 3.23: Anti-Stokes spectral, (a), and temporal, (b), output from the Er-
MOPFAbased PCF-OPC. Legend in (a) indicates anti-Stokes central wavelength.
broader than the 780 nm pump linewidth of 0.1 nm. This broadening was attributed to
SPM induced by the high nonlinearity of the small core diameter of PCF-2. The pulse was
measured to have an anti-Stokes duration of 208 ps, as shown in Figure 3.23. The pulse
was shorter than the pump pulse duration by a factor of two, and this was attributed
to parametric gain shaping effects. However, in this case the parametric pulse exhibits
asymmetry and has some sub-structure present, the cause of this “bump” in the right-
hand side of the pulse was unknown.
The power in/out curves for the device are shown in Figure 3.24. The pump power
contained in the PCF takes into account the coupling loss and the propagation loss as-
sociated with the PCF. The anti-Stokes power wasmeasured by using a prism to separate
the pump, Stokes and anti-Stokes wavelengths. Up to 105 mW of light was generated
at 668 nm with a slope efficiency of 6.8%, and 95 mW of light at 662 nm with a slope
efficiency of 7.1%.
3.4.3 Summary
This section has presented a PCF-OPC based upon a fibre integrated 780 nm frequency-
doubled Er-MOPFA pump source. The parametric conversion stage produced radiation
in the red region of the visible spectrum, emitting at 662 nm and 668 nm with pulse du-
rations of 210 ps at 50 MHz repetition rates. Conversion efficiencies of the device were
limited by two factors: the dispersion fluctuations along the length of the fibre and the
spectral linewidth of the pump source. Due to the longer length of fibre used in this
device than the Yb-MOPFA based sources coupled with the greater fluctuations in the
PCF structure due to the very high air-filling fraction, the dispersion fluctuations were
thought to be the limiting factor for more efficient parametric generation. Nonetheless,
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Figure 3.24: Er-based PCF-OPC anti-Stokes output power against 780 nm
pump power contained in the PCF; anti-Stokes wavelength and corresponding
slope conversion efficiency indicated in the legend.
the combination of SHG combined with subsequent FWM in PCFs has been shown to
be a flexible approach to generating fibre integrated sources of radiation at target wave-
lengths throughout the spectrum.
3.5 Outlook
In this chapter, I have presented results from three different PCF based parametric de-
vices, emitting anti-Stokes radiation in the visible and near visible spectral regions. Thr-
ough the correct choice of pumpwavelength andfibre dispersionproperties, targetwave-
lengths in areas difficult to reach through existing rare-earth doped fibre-based technol-
ogy have been demonstrated. Pulse durations in the range of 100s of ps to few ns are in
high demand for applications in STEDmicroscopy [Hel94]. The ability to synchronise the
sources demonstrated herein to an external clockmakes theman attractive candidate for
such applications. More recently, parametric conversion sources have been deployed for
applications in CARS applications, where synchronised pairs of pulse in the near-visible
and near IR are required [Bau12a, Xu13]
Although these sources were fibre/bulk hybrid systems, the full fibre integration of
these systems is not inconceivable, in particular for the converter class of devices. Fi-
bre integration of the oscillator would be more difficult, owing to the necessity for both
specialist visible wavelength fibre couplers and suitable LMA delay fibres needed for the
cavity. In general, the converter class of devices is bothmore flexible, in terms of possible
output parameters, and more straightforward to implement.
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Ongoing work is underway to further extend the spectral coverage of these PCF-based
parametric devices further into the visible, through the use of suitably dispersive fibres
and novel pump schemes. For the devices presented in this chapter, only the anti-Stokes
components of the FWM were investigated. This was due to both the spectral range of
OSAs available, and because the research programme targets were aimed at reaching
visible and near-visible wavelengths. However, the Stokes side wavelengths of these de-
vices could provide interesting future avenues of development, in particular the ability to
reach the IR spectral regions beyond 2¹m. The loss of silica fibre quickly increases in this
region, but there are other more exotic fluoride based fibres which could be potentially
be investigated for use as parametric converters [Sed10, Jac12].
An interesting concept is the potential combination of the two components in the
parametric generation architecture, the amplification stage and the wavelength conver-
sion stage, into one fibre. By embedding a suitably dispersive Yb-doped PCF structure
into a double-clad amplifier structure, the possibility of simultaneous 1.06 ¹m amplifi-
cation and parametric generation in the same fibre arises. This concept is currently be-
ing explored with our collaborators, and early generation fibres displaying the required
dispersion and gain properties have been fabricated.
In summary, parametric generation in fibre is an attractive route to generating radi-
ation at target wavelengths throughout the spectrum. The continued development of
novel fibres and sources is necessary to help these sources realise their full potential; in
particular high-power narrow linewidth MOPFA pump schemes away from the conven-
tional Er and Yb gain bands, and PCF structures with higher uniformity and more com-
plex internal structures to achieve the required dispersive properties for efficient FWM.
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4.1 Introduction
Chirped pulse amplification (CPA) was a technique originally developed by researchers
in the field of radar. Radar pulses would be stretched temporally in a positive dispersion
delay line before amplification and transmission. The return, or echo pulse, would then
be re-compressed using a negative dispersion delay line for subsequent analysis in the
radar electronics [Kla60]. In 1985, Strickland and Mourou transferred this technique to
the optical domain, demonstrating the amplification and subsequent re-compression of
chirped optical pulses generated using a length of single mode optical fibre and amode-
locked Nd:YAG laser [Str85]. CPA is now an essential part of the majority of very-high-
power pulsed-laser systems world over, including many state of the art petawatt level
systems such as Vulcan at the Rutherford Appleton Laboratory [Dan04] and the newly
commisioned European Light Infrastructure (ELI) based in the Czech Republic [Mou11].
Temporally stretching, or chirping, an optical pulse before amplification is an attempt
to suppress unwanted nonlinear optical effects which can accompany the increase in the
local optical intensity associated with high peak power pulses. The pulses can then be
compressed, or de-chirped, after the amplification process to increase the peak power of
the source whilst avoiding nonlinear effects in the amplifier. Depending on the medium
being used for amplification, these unwanted nonlinear effects can include (but are not
limited to) stimulated Raman/Brillioun scattering (SRS/SBS), SPM and self-focussing.
Throughout this chapter we shall refer to this form of CPA, that is the avoidance of non-
linear effects in the amplification stages, as linear-CPA (LCPA). However there are certain
circumstances when optical nonlinearities, in particular SPM in a normally dispersive
environment, can be used to generate new frequency components possessing a linear
chirp, which can subsequently be de-chirped in a suitably dispersive medium.
This idea of compressing linearly chirped pulses originated in the 1960s, again taken
from parallels with approaches to pulse compression in the microwave frequency do-
main [Gir64, Gio68]. Early experimental work on generating the required frequency chirp
across optical pulses included RF phase-modulation in LiNb03 [Gio68, Dug69] and the
93
4 Nonlinear chirped pulse fibre amplification
use of the optical Kerr effect in nonlinear materials such as CS2 to induce SPM on the
pulse [Fis69, Lau69]. Pulse compression was then achieved either through a grating-pair
compressor [Tre69], or the use of a Gires-Tournois interferometer [Gir64].
In 1971, a group working at IBM in New York demonstrated SPM in a length of sin-
gle mode optical fibre of 3.3 ps pulses, they then re-compressed these pulses using a
near-resonant atomic sodium vapour delay line to durations of 1.5 ps [Nak81]. A year
later Shank et al. published the seminal result of the first fibre-grating compressor, the
technique upon which this chapter is based. Pulses of 90 fs duration were propagated
through the a short length of singlemodefibre generating linearly-chirped spectral band-
width through SPM; a bulk grating-pair then compressed these pulses down to 30 fs. At
the time thesewere the shortest optical laser pulses ever generated in a laboratory [Sha82].
The advantages of using optical fibre over previous bulk techniques were as follows: the
combination of strong SPM with GVD created a linear chirp ideal for re-compression
across the majority of the pulse spectrum, the fibre medium alleviated transverse self-
focussing issues which can be experienced in bulk materials, and single mode fibres in-
herently possess excellent beam quality at their output, ideal for subsequent compres-
sion in bulk grating based systems [Nik83]. The fibre format also ensures the output
beam has no significant spatial chirp across the beam profile, again a benefit for subse-
quent compression. Finally, the small size cores of single mode optical fibres coupled
with relatively long propagation lengths (when compared to bulk materials) lowers the
power requirements necessary to observe significant SPM.
This chapter details the development of a nonlinear chirped pulse amplifier (NLCPA)
system, in effect a combination of the two techniques described above. The system was
designed with the following output target parameters: 100s of fs compressed pulse du-
rations, MHz repetition rates, 10s of Watts average power, and reaching ¹J level pulse
energies. The system is for future experiments in both extreme nonlinear optics (gas-
filled Kagome fibre-based supercontinuum generation [Rus14]), and to provide a high
peak-power source for use in novel nano-material characteristion experiments. How-
ever, both of these areas lie outside the scope of this thesis, and as such are not discussed
further.
The remainder of this chapter is set out as follows. Section 4.2 continues with a re-
view of relevant work in the area of high-power ultra-fast fibre lasers, in particular ex-
amining recent technological developments in large-mode area (LMA) fibre designs and
high power pump diodes which has allowed significant power scaling of ultra-fast fibre-
based CPA systems. Section 4.3 introduces the design of the NLCPA demonstrated in this
chapter. Section 4.4 introduces the master oscillator and pre-amplification stages, and
associated pulse-picking system used. Section 4.5 then discusses the power-amplifier
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stage of the system, examining in detail the amplification fibre, the thermal manage-
ment issues surrounding a high power system such as this one, the steps taken to protect
the power amplifier against giant-pulsations (or self Q-switches) and the amplifier out-
put characteristics. The results from the compression stage are presented in Section 4.6,
before ongoing/future upgrades to the system are discussed in Section 4.7, followed by
concluding remarks in Section 4.8.
4.2 Recent developments in high-power ultra-fast
fibre lasers
In the past decade, the average output powers of Yb based fibre systems has increased by
nearly 2 orders of magnitude [Ric10], recently reaching the 100 kW level for a CW mul-
timode laser/amplifier system [Shc13]. Accompanying this rapid development in CW fi-
bre laser average powers, there have been corresponding increases in the average power
levels attainable from high-power ultra-fast fibre systems. Advances in LMA fibre tech-
nology, high-power multi-mode pump diodes in the 915-975 nm spectral region and the
use of tandempumping schemes have all provided the impetus in this rapidly advancing
area of laser science.
The basic principles behind double-clad amplifiers, in particular Yb based devices,
were discussed in Section 1.4. The double-clad structure acts as a brightness converter,
converting cheap low-brightness but high-powermulti-modediodes into high-brightness
high-beam quality laser outputs. Such diodes can now produce 100s of Watts with fibre-
integrated outputs [Oso08]; coupling this with the high conversion efficiencies in Yb am-
plifier systems exceeding 60% [Pas97] and the excellent thermal management properties
of fibre as a gainmedium, it is clear that power-scaling of fibre lasers is an attractive route
to high-average power laser sources.
When amplifying ultra-short pulses however, issues can arise owing to the fundamen-
tal nonlinearity inherent to silica fibres. The stretching of pulses in the time domain,
mentioned in Section 4.1, can help avoid these effects [Str85]. The other route to reduc-
ing the local intensity in optical fibres is through increasing the MFD of the gain fibre,
originally proposed [Nil93], and then demonstrated in Er-based devices [Lee97, Tav97].
By reducing the NA it is possible to increase the core-diameter of a fibre whilst it remains
single-moded, see equation 1.5. However, the NA cannot be reduced indefinitely due to
twomain factors, themanufacturing tolerances on the core/cladding differences [Lim06]
and the bend losses imposed on the fibrewaveguide by going to ever smaller NAs [Ric10].
Other mode-mitigation strategies such as modified index profiles [AC00], preferential
gain and loss for different modes [Sou99], careful selection of the seed launch condi-
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tions [Fer98] and even tapering of sections the amplifer [Gal01] have all been inves-
tigated. More recently, fibres with chirally-coupled-core (CCC) structures have been
demonstrated as an alternative approach for higher-order mode-suppresion [Liu07b,
Liu07a]. Typically, modern commercially available LMA solid core fibre amplifiers will
employ a small core NA coupled with coil induced bend losses to suppress higher order
modes [Kop00].
Soon after the advent of the PCF [Kni96], the potential of doping the core of PCFs
with rare-earth doped elements was realised, with the demonstration of a single clad Yb-
doped PCF laser operating at 1040 nm, pumped by a Ti:Sapphire laser [Wad00]. This was
followed by Yb-based PCF lasers with a double clad structure, enabling the use of high-
powermulti-mode diodes as the pump source [Fur01,Wad03]. Scaling up themode field
diameters of such fibres was made possible by the high degree of control over the design
of the core NAs, determined by the core/cladding difference as per step-index fibres, but
now with the added control that the lattice of air holes that PCFs bring [Lim03]. The ad-
vantages of using PCF based LMA Yb amplifiers over standard step-index fibres can be
summarised as follows:
• Truly single-mode operation due to the PCF structure (see Figure 1.9).
• NA of the core set by PCF structure, not the step-index structure, enabling much
greater control during the manufacturing process for small NAs.
• The air-cladding regionwhich forms the double-clad structure leads to highNAs of
the inner cladding region. This means the inner cladding diameter can be reduced
significantly whilst still accepting low-brightness high-power pumpdiode light, re-
sulting in a greater overlap-integral between the cladding and core regions. This in
turn results in higher gain per unit length, leading to the possibility of shorter am-
plifiers with lower overall nonlinearity.
This LMA-PCF concept has been scaled further, with the demonstration of rod-type LMA
Yb doped structures, a bridge between the bulk and fibre laser worlds [Lim05]. Since this
first rod demonstration, there have been rapid advances in ultra-fast fibre based LCPA
and NLCPA systems with average powers reaching 2 kW [Ott14], peak powers in the GW
regime [Eid11] and pulse durations of 25 fs with 250 W average powers [Joc12]. Such
systems provide un-precedented average and peak powers for table-top laser systems,
previously only available in much larger laser facilities.
This has been a brief look, targeting the relevant concepts, at work in high-power ultra-
fast fibre laser system development in the last two decades. It is by no means complete,
and for a more detailed review there are many good articles on the topic to which the
interested reader is directed [Gal01, Lim06, Ric10, Jau13, Fer13].
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Figure 4.1: An illustration of a nonlinear chirped pulse amplification scheme.
A narrow-line width seed oscillator, (a), is chirped in a nonlinear amplification
stage, (b), followed by a high power linear amplification stage, (c), and then de-
chirping in a bulk grating-pair to compress the pulses, (d). The inset axes are for
illustrative purposes only and the pulses are not to scale.
4.3 Nonlinear chirped pulse amplifier scheme
An illustration of the NLCPA scheme adopted in this thesis is shown in Figure 4.1. A
narrow-linemode-locked oscillator, (a), is amplified initially in anonlinear amplification
stage, where it undergoes frequency chirping through SPM. The new frequency compo-
nents generated through SPM are indicated by the change in colour from step (a) to step
(b). The dispersion in step (b) is chosen to be normally dispersive, as the combined ac-
tion of normal GVD and SPM will create a linear chirp profile across the centre of the
pulse. Due to the relatively short lengths of the amplifier used the pulse does not expe-
rience significant temporal broadening. The pulse is then amplified in the linear power
amplification stage, (c), to high average powers, conserving the chirp profile, the tempo-
ral and spectral widths. After the power amplification stage, the pulses are de-chirped in
a grating pair, (d) to provide both high average and peak power ultra-short pulses. The
experimental realisation of this scheme is shown in Figure 4.2. Details about the seed
oscillator and associated pulse picking electronics can be found in Section 4.4.
Initially the pulses from the seed oscillatorwere amplified in the two PM-YDFAs (YAM-
10-1064-LP & YAR-4K-1064-LP-SF), and collimated with a combined in-line fibre colli-
mator to give an output beam diameter of 1.6 mm. The collimated beam was passed
through a Faraday rotation bulk optical isolator to prevent parasitic back reflections into
the pre-amplification stages. These amplifiers comprised the nonlinear amplification
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stage as shown in Figure 4.1. Up to this point the system was fully fibre-integrated. The
collimated light was then directed by a 1065 nmcentered high reflection dielectricmirror
(HR1) and dichroic mirror (DM1) to the input of the PM-LMA-Yb-PCF. DM1 was highly
reflective at the signal wavelength (¸S = 1066 nm) and highly transmissive at the pump
wavelength (¸P = 975 nm), and the residual pump light was collected in the pump dump.
A half-wave plate (HWP) was necessary to optimise the reflection from HR1, due to the
polarisation dependent transmission of the dielectric coating on the mirror. The steer-
ingmirrors (HR1 andDM1) were essential to allow efficient coupling into the core-mode
of the amplifier fibre. The second HWP was used to align the signal polarisation with
the correct axis of the amplifier fibre, as the PM-LMA-Yb-PCF only guides light on one of
the principle polarisation axes. The leak through signal from HR1 was monitored using
a photodiode (PD) and then amplified in the trans-impedence amplifier circuit (TIAC).
This formed the basis of the average power monitoring stage of the interlock protection
system, described in section 4.5. The variable optical attenuator (VA) located after HR1
was necessary to ensure the PD operated in the unsaturated regime.
The signal was then coupled into the PM-LMA-Yb-PCF using an anti-reflection (AR)
coated lens (L1) with a 40 mm focal length; the focal length was chosen to both ensure
the NA of the lens was less than the NA of the core and to match the size of the focused
spot to the MFD of the fibre. The lens was mounted on a 5D xyz translation stage to aid
efficient coupling into the core of the fibre. Each end of the fibre was terminated with
a mode-stripper (MS) to remove excess heat, and the pump side of the amplifier was
enclosed by a forced air cooling system, both described in more detail in Section 4.5.
The output from the amplifier was collimated with an AR coated lens (L2) with a focal
length of 40 mm, mounted on an xyz translation stage for control of the output beam
collimation. A second dichroic (DM2) was then used to split the amplified signal light
from the incoming 975 nm pump light. The 975 nm pumpwas a 60W IPG 975 nmmulti-
mode fiberised diode (LD), collimated with another AR coated lens (L3) with a 40 mm
focal length lens. The diode was mounted on copper-block cooled by water and actively
stabilised with a Peltier effect heating element, discussed in Section 4.5. The two HR
mirrors (HR-P) on the pump diode were used to optimise the pump coupling into the in-
ner cladding of the amplifier. A counter-propagating signal/pump scheme was adopted,
due to the benefits of both lower noise and relative nonlinearity over the length of the
amplifier fibre, when compared to a co-propagating signal/pump scheme [Pas97].
The amplified signal was directed to the grating-compressor using DM2. A bulk iso-
lator (ISO) was necessary to prevent parasitic back-reflections into the power-amplifier.
A HWP was placed at the input of the grating compressor in order to optimise the grat-
ing throughput efficiency. The holographic gratings were made of fused silica (IBSEN)
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4 Nonlinear chirped pulse fibre amplification
and had a a pitch of 800 nm. The HR2 placed behind the second grating was used to
re-direct the signal back along the same path but with a slight tilt in the y direction; this
ensured the returning beam passed through the compressor but could be picked off by
the D-shaped mirror (DSM), positioned slightly above the incoming beam. Both G2 and
HR2 were mounted on a translation stage to allow easy adjustment of the grating pair
separation, and both G1/2 were mounted on kinematic mirror mount holders to ensure
the gratings were held parallel. The power out of the system could be controlled through
the use of aHWP and polarising beam splitter (PBS), and the optical spectrum and inten-
sity autocorrelation traces of the compressed pulses could be simultaneouslymonitored.
The whole system was enclosed within a perspex box, with removable side and top pan-
els for access. The housing was to prevent dust and other contaminants from the lab
from settling on any of the optics, especially the high power stages of the system.
The results from each of the stages in the NLCPA system are described in the following
sections, starting with the seed laser and nonlinear pre-amplification stages.
4.4 Seed laser
4.4.1 Master oscillator and pulse picking
Themaster oscillator, shown in Figure 4.3, used for the NLCPA systemwas the same laser
described in Section 2.4.1. For reference, the parameters were as follows: 28 MHz repe-
tition rate, 8.5 ps duration and 5 mW average power. The laser operated in the solitonic
regime emitting clean sech2 shaped pulses. To date the laser has been operating for over
12 months continuously, with only slight adjustments necessary to the pump current
occasionally due to ambient temperature changes in the laboratory environment.
Originally it was conceived that the systemwould deliver¹J level pulses. Howeverwith
a fundamental repetition rate of 28 MHz the compressed pulse energy would be limited
to at best ·1 ¹J [this assumption was based on a amplifier conversion efficiency of 67%
(i.e. extracting 40 W of the 60 W of available pump power), and a grating-compressor
loss of 50%, resulting in a maximum compressed output power of 20 W]. Therefore a
fibre integrated acousto-optic modulator (AOM - G&H AOM/15200-.2-) was spliced to
the output of the seed oscillator to allow picking down of the repetition rate to increase
the pulse energies out of the system. The AOM had a static contrast ratio of 48 dB, a
throughput loss of 2.5 dB and was a fully PM device. Patchcord uniters at 90± were used
at the input/output of the AOM to correctly align the polarisation axes of the oscillator
with the AOM, and the AOMwith the subsequent amplification stage.
The oscillator, AOM and associated pulse picking system is shown in Figure 4.3. A
95/5% tap coupler was used to split 5% of the oscillator signal to a YDFA followed by a
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Figure 4.3: Schematic of the seed oscillator (described in detail in Fig 2.11)
and associated pulse picking system. Pulse picking system consisted of 95/5
polarisation-maintaining (PM) tap coupler, Yb doped fibre amplifier (YDFA),
50/50 fibre splitter, photodiode 1 and 2 (PD1/2), radio frequency (RF) ampli-
fier, signal inverter, variable RF attenuator, pulse generator, RF acousto-optic
modulator (AOM) driver and fiberised AOM.
50/50% fibre splitter. Each half of the amplified tap signal was then converted to an elec-
trical signal using PD1/2 (Thorlabs-D400FC). One half was used for the interlock control,
described in section 4.5, and the other half used for the pulse picking electronics.
The AOM was driven by an RF driver (NEOS - 21200-2AS) producing 1 W of output
power at 200 MHz. When the driving frequency was applied across the crystal, the beam
passing through the crystal was deflected and no light was transmitted. The AOM driver
could be triggered with a TTL signal to switch on and off when required. Thus a TTL
signal synchronised with the fundamental frequency of the oscillator, but at a lower rep-
etition rate, was required to trigger the AOM in synchronism with the seed laser and
successfully pick the oscillator repetition rate down. The pulse-picker box (Quantum
Composers-9530) was an electrical pulse generator, capable of locking to an external
clock and providing an output TTL pulse train that is somemultiple of the external clock
frequency. The RF amplifier (Wessex-RC1001-1), inverter and variable attenuator con-
verted the electrical signal from PD2 to provide a stable clock signal to the pulse-picker.
The use of an inverter was necessary as PD2 provided a negative output voltage signal,
but the pulse-picker required a positive voltage signal.
With the pulse-picker in operation, it was possible to pick down the repetition rate of
the system to < 5 MHz. The system operating at its fundamental and picked repetition
rates is shown in Figure 4.4. However, repetition rates in the range 28MHz to 5MHzwere
not possible due to limitations of the frequency division in the pulse picking box. This
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Figure 4.4: Examples of mode-locked pulse trains from the oscillator at the
fundamental, top plot at 28.08 MHz, and picked, bottom plot at 4.68 MHz, out-
put repetition rates.
limitation of the frequency picking range of the pulse-picker proved to be a prohibitive
factor when attempting to increase the pulse energy of the system.
4.4.2 Pre-amplification stages
The pre-amplification stages in this systemwere used to generate linearly chirped band-
width through SPM for later compression. However, it was key to avoid the onset of other
nonlinear processes, namely SRS, which could degrade the linearity of the chirp gener-
ated through the combined effect of SPM and normal GVD. This degradation occurs due
to the onset of XPM between the signal and Raman components, and eventually leads
to pulse breakup in the temporal domain [Gom85, Gom86, Wei88]. Therefore the opti-
mal operating point of the nonlinear amplification stages were just before the onset of
Raman scattering.
Figure 4.5 shows the spectral evolution from the pre-amplifier stages as a function of
increasing output power, taken at the fundamental system repetition rate of 28 MHz.
The spectrum initially began to broaden through pure SPM, but beyond signal powers
of 1.0 W (indicated by the dashed white line), power began to transfer through SRS to a
peak centered at 1120 nm, at the expected shift of 13.2 THz from the signal wavelength of
1066 nm. After this point the content of energy in the Raman line continued to increase.
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Figure 4.5: Spectral evolution of the signal from the pre-amplifier stages as a
function of increasing output power, taken at a system repetition rate of 28MHz.
Initial spectral broadening dominated by self-phase modulation (SPM), fol-
lowed by the onset of Raman scattering above average power levels of 1.0 W,
indicated by the white dashed line. Colour bar indicates the relative spectral
power across the plot.
Figure 4.6: Spectral evolution of the signal from the pre-amplifier stages as
a function of increasing output power, taken at a picked system repetition rate
of 4.7 MHz. The onset of stimulated Raman scattering was immediate, with
the cascaded Raman lines rapidly evolving with increasing power. Colour bar
indicates relative spectral power across the plot.
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Figure 4.7: Spectral, (a), and temporal, (b), properties of the amplified and
spectrally broadened seed after the nonlinear pre-amplifier stages. The inset
of (a) shows the optical spectra plotted on a linear scale. In (a), the red curve
shows the seed spectrum before amplification, the text in the inset shows the
difference in spectral widths pre/post amplification. The arrows represent the
FWHM spectral width/AC duration in (a) and (b) respectively.
Figure 4.6 again shows the spectral evolution from the pre-amplifier stages as a func-
tion of increasing signal, but taken at a picked down repetition rate of 4.7 MHz. The dif-
ference between the picked and un-picked spectral evolutions is clear; at no point was
there a purely SPM broadened spectrum, SRS was always present. Cascaded SRS lines
became visible with increasing output power. Note that the average power of the output
signal was only taken to 1.5 W, when compared to the 4.5 W in Figure 4.5. Thus in it’s
current format, the pulse repetition rate could not be picked down due to the adverse
effect it would have on the subsequent pulse compression.
The spectral and temporal properties of the amplified and spectrally broadened seed
at the optimum power level, where the optimum power level was chosen based on the
shortest compressed pulses with the highest energy content (discussed in Section 4.6),
are shown in Figure 4.7. These results were taken at a signal power level of 1.0 W of av-
erage power at the fundamental repetition rate of the oscillator. The spectrum shows
typical SPM induced modulations of the spectrum, and has broadened from 0.3 nm to
7.0 nm. There is a very low level Raman peak evident, but it is over 50 dB down from
the peak of the signal. The AC trace shows the pulse has broadened slightly in the pre-
amplifier stages, from 13 ps to 16 ps, however only the post-amplifier AC trace is pre-
sented due to the similarity in the AC pre/post amplifier durations.
For the rest of the results presented in this chapter, unless otherwise stated, the op-
timum oscillator/pre-amplifier settings used to produce the spectrum and AC shown in
Figure 4.7 were used as the seed source for the power amplifier stage.
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(a) (b)
Figure 4.8: (a) An end-on image of the LMA-PCF taken with a fibre end
viewer. The white arrow indicates the position of the Yb-doped core region and
the green arrows the polarisationmaintaining stress rods, illumination from the
opposite end results in the stress rods appearing bright. (b) A photograph of the
signal-input side copper modestripper of the LMA-PCF amplifier. The white ar-
row indicates where the signal light is coupled into the amplifier, and the green
arrow indicates the glass mode-stripper venting position where forced air can
be directed for optimum cooling.
4.5 Power amplifier stage
4.5.1 Amplification fibre
The 3m long LMA-PCF amplifier used in the systemwasmanufacturedbyNKT-Photonics
(DC-200-40-PZ-Yb). The fibrewas singlemode at the signal wavelength, had a largeMFD
of 31§2¹m corresponding to a mode field area of 760§100¹m2, and exhibited single-
polarisation operation, i.e. the fibre was polarising. This polarising effect is achieved
through the positioning of stress rods down the length of the fibre, in conjunction with
so-called CoilControl, a method by which the fibre preferentially lies in one plane and
places stress in that plane. In order to achieve the optimum PER, beam quality and
higher-order mode extinction, the fibre was coiled at a radius of 25-30 cm.
An end-on image of the fibre taken with a fibre end viewer (Noyes VFS-1) is shown in
Figure 4.8 (a). The photonic-crystal lattice structure is not visible, due to the low resolu-
tion of the viewer used, however the Yb doped core region is indicated in the figure by
the white arrow. The green arrows indicate the positions of the polarising stress rods. In
the same figure, the inner cladding region is visible as the lighter grey inner circle. This
had a diameter of 200 ¹m, a high NA (NA = 0.6 @ 950 nm) and a pump absorption of
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Figure 4.9: Temperature induced wavelength drift on the 60W 975 nm pump
diode, shownat increasing diodemount temperatures and taken at a fixeddiode
current of 4.0 A: (a) at 22 ±C, (b) at 33 ±C and (c) at 45 ±C. Diode was held on a
water-cooled copper block actively stabilised by a Peltier effect element.
¼10 dB/m.
Figure 4.8 (b) shows the mode-strippers which terminated each end of the amplifier.
The white arrow indicates where the signal light was coupled into the amplifier, and the
green arrow indicates vents over which forced air could be blown to remove excess heat
generated when pumping the fibre, discussed in more detail in Section 4.5.2. Both ends
of the fibre were angle cleaved at 5± and polished. The fibres were also capped with a
pure silica end-cap with the same outer diameter as the fibre. This increases the spot
size of the focused light at the air-silica interface, where thermal damage was most likely
to occur, and so lowers the local optical intensity, thereby reducing the risk of fibre end
damage.
4.5.2 Thermal management
Use of the high power pump diode resulted in two thermal issues with the system: the
temperature induced wavelength drift of the pump diode itself, and the thermal load
at the pump side input of the amplifier due to the high intensity of the focused pump
light. The wavelength drift on the diode is typical behaviour seem in semiconductor
laser diodes and was due to two factors: it was a combination of the thermally induced
changes in the refractive index of the semiconductor material, and the physical expan-
sion/contraction of the material itself due to the changes in heat [Vas95].
To counteract the first issue, the diode was mounted on a water-cooled copper-block
actively stabilised with a Peltier temperature element. Good thermal contact between
the diode and copper-blockwas ensured through the use of a small amount of thermally-
conductive paste. The temperature of the block wasmonitored by a thermistormounted
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in the centre of the copper-block. Figure 4.9 shows the effect of tuning the temperature
of the block, at a fixed pump-diode current of 4.0 A, on the wavelength of the diode.
When the diode was either too cold, (a), or too hot, (c), the spectrum was non-optimal
with power leaking out of the design-wavelength band (975 nm). In contrast, when the
diode was held at the correct temperature, (b), the pump spectrum was clean and all
the power was contained within the correct band. This was important as the absorption
line of Yb in silica fibres (seen in Figure 1.7), is relatively narrow. Any loss of spectral
power density at 975 nm will have an adverse effect on the absorption, and hence the
gain available from the amplifier. This wavelength shifting effect was due to the multi-
element structure of the pump-diode, consisting of a wavelength stabilised laser diode
seed centred at 975 nm followed by an amplifier section.
Figure 4.9 shows the effect of tuning the copper-block temperature at a fixed pump
current. However, any change in the current also changes the spectral emission prop-
erties of the diode. It was possible to counteract this shift by altering the current to the
Peltier element, and hence the temperature of the block. There was found to be an op-
timal temperature for the block to be held at at each pump current, and this is shown
in Figure 4.10 (a). The optimal temperatures were found by monitoring the spectrum of
the pump diode at increasing diode currents, and adjusting the temperature of the block
until all the power fell in the 975 nm spectral region, as shown in Figure 4.9 (b). It should
be noted that the temperaturemonitored was that of the copper-block diodemount and
not the diode itself as there was no robust way to place a thermistor on the diode case.
The thermistor was instead mounted in a hole drilled into the centre of the block. The
water in the cooling system was circulated through a heater/chiller system, and held at
¼13±C. It was not possible to hold the reservoir at temperatures lower than this as con-
densation could be observed beginning to form on the block. Such condensation would
be catastrophic to the operation of the diode.
The second issue was of the thermal load on the pump side-fibre due to the high
average powers incident on the fibre face. Forced air-cooling was employed to extract
heat from the mode-strippers, shown previously in Figure 4.8. A perspex enclosure was
manufactured to enclose the pump side modestripper. The enclosure was to prevent
air-currents blowing potential dust and other contaminants from the forced-air cooling
system around the larger perspex box enclosing the whole NLCPA system. Ducting was
employed to route the air in/out of the enclosure, which can be seen installed in the sys-
tem in Figure 4.11b. A flumewas alsomanufactured, see Figure 4.11a, to better direct the
forced air over the mode-stripper vents. Different flume nozzle sizes were designed and
manufactured to determine the best heat extraction, and it was found that one with a
height thatmatched that of themode-stripper vent provided the best cooling properties.
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Figure 4.10: (a) Optimal diode mount temperature with increasing pump
power and current supplied to the Peltier. (b) The effect on modestripper tem-
perature with and without forced air cooling. Dashed black line indicates the
temperature limit recommended by the manufacturer.
The flume can be seen installed in the system in Figure 4.11b.
The effects of air-cooling on the mode-stripper temperature are highlighted in Fig-
ure 4.10b. The black and grey points represent the temperature, measured by a thermis-
tor placed in the rubber boot at the exit of the fibre, of the mode-stripper as a function
of increasing pump power with and without the forced air-cooling in operation. The
thermistor was placed at the rubber boot as this was considered the part of the mode-
stripper with the lowest melting temperature. The dotted-grey line indicates the maxi-
mum permissible temperature as recommended by the manufacturer. The air-cooling
system allowed the pump diode to be run to its full power of 60Wwhilst maintaining the
temperature of the mode-stripper below the safe-maximum value (note - the maximum
power in the plot is not 60W, as the power was scaled by a factor of 0.92 due to losses the
pump beam experiences before reaching the fibre face).
4.5.3 Q-switch protection - overview
A danger with any high power amplifier is the risk of self-pulsation, or self Q-switching, if
the signal input power either drops or is cut out entirely. If the amplifier continues to be
pumped, the Yb atoms will still be excited into their upper-state but there will no longer
be enough signal power to saturate the amplifier and take away this energy. The upper
state will start to de-populate on timescales on the order of the upper-state lifetime (in
Yb this is ¼ 0.8 ms [Pas97]), and once a threshold is crossed a giant Q-switch pulse will
form, de-populating the upper state and creating a single very high peak power pulse
which can easily damage optical components and/or the amplifier fibre itself.
Figure 4.12 shows the end-on view of the fibre amplifier; (a) shows the undamaged
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(a) (b)
Figure 4.11: (a) Solidworks drawing of the air-cooling flume, courtesy of S.
Johnson, IC optics workshop. (b) Air-cooling flume installed to provide opti-
mum cooling over the fibre modestripper vent, housed in a perspex enclosure
with in/out air ducting.
fibre end, and (b) shows the same end of the fibre after Q-switch damage. This was a
result of the second pre-amplifier in the nonlinear amplification stage of the NLCPA fail-
ing. The NLCPA was being operated at full pump power at the time of the failure, and
the output power of the main amplifier suddenly dropped. On investigation the fibre
ends were found to be damaged. After the damage, it was not possible to couple to the
core mode, due to the fibre facet damage as seen in Figure 4.12 (b). The failure in the
pre-amplifier stage was thought to be due to a pump diode failure, as the output power
of the pre-amplifier dropped by ¼ 80%, but with no other observable adverse effects on
the beam quality, spectrum or polarisation properties of the signal beam. The damaged
pre-amplifier (YAM-10-1064-LP) was replaced with a new pre-amplifier (YAR-4K-1064-
LP-SF).
In order to prevent this from happening again, a pump diode interlock system was
designed and constructed with the following parameters:
• Monitoring of the signal power entering the power amplifier stage, with adjustable
threshold levels below which the pump-diode would switch off.
• Monitoring of the repetition rate of the seed oscillator, with any change in the os-
cillators mode-locking state resulting in the pump-diode switching off.
• The pump diode and power supply had no in-built interlock control, so a relay
needed to be wired into the high-current diode supply line.
• Total system response time needed to be faster than the upper state lifetime of Yb
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(a) (b)
Figure 4.12: Images highlighting the danger of self-pulsation in high-power
amplifier systems. (a) LMA-PCF end before q-switch damage, and (b) after the
damage. End cap of fibre has been blown off by a single high energy pulse.
in silica, generally accepted to be ¼0.8 ms (§30%) [Pas97].
A schematic of the interlock control system designed to meet these criteria is shown
in Figure 4.13. The dotted green box indicates the components already described in Fig-
ures 4.2 and 4.3. The interlock system essentially comprised of two arms: one tomonitor
the seed oscillator to ensure stablemode-locking, the other tomonitor the average power
of the pre-amplified seed signal for the power amplifier stage of the system. Each arm
was then combined in the digital logic electronics stage, from now on referred to as the
digital-logic stage, which produced a control signal for the solid-state relay (SSR). The
oscillator monitoring arm, referred to from now on as the RF mixing stage, converted
the input signal from PD2 to a stable DC voltage for the digital logic stage. The trans-
impedance amplifier circuit (TIAC), took the input signal from PD3 and converted it to
a stable DC voltage for the digital-logic stage. The variable attenuator ensured that the
correct amount of light was falling on PD3 so that it operated in the unsaturated-linear
regime. The VA also allowed the user to change the input seed power to the power am-
plifier stages and easily adjust the corresponding trigger point of the interlock system, as
the adjustment of the VA changed the signal power into the fixed-gain TIAC.
The power supply (HP-6573A) used to drive the pump diode could only be controlled
manually. There was no means of remotely switching the power supply off through ex-
ternal commands, such as RS232, ethernet etc. Thus, the power supply had to be hard
wired into a high-power SSR (Crydom-DC100D20), as indicated in Figure 4.13. The SSR
wasmounted on a heat-sink to allow the dissipation of heat when the interlock triggered.
The SSR was chosen for its current/voltage handling capabilities, and it had the fastest
switching time of any high-power commercially available SSR. The maximum turn-off
time was quoted by the manufacturer to be 0.32 ms. The Zener protection diode (ZD)
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Figure 4.13: Schematic of the interlock system, consisting of two monitor-
ing arms: the oscillator frequency check in the RF mixing stage and the pre-
amplifier average power check. Components contained in dotted green box are
identical to those described in Fig. 4.2 and Fig. 4.3. RFmixing stage is described
in Fig. 4.14, TAIC in Fig. 4.15 and digital logic electronics in Fig. 4.16. Other
components include a solid-state relay (SSR) mounted on a heat-sink, a high
power 35 V/60 A DC power supply and a 60 W 975 nm diode (shown previously
in Fig. 4.2).
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Figure 4.14: Schematic of the radio-frequency (RF) mixing stage of the
pump-diode interlock system. The mixing stage converts a tap signal from
the oscillator into a direct-current (DC) voltage signal to indicate the oscilla-
tor’s mode-locking state. Dotted lines represent coaxial cable, with a length of
delay (DELAY) cable to correctly match relative phases of each arm at mixer.
Components are a photodiode (PD1), 30 MHz low pas filters, (LPF30), RF am-
plifiers (RFA), fixed attenuators (ATTEN), a 30 MHz band-pass filter (BFP30), a
nonlinear-frequency mixer (MIXER) and a 1.9 MHz low-pass filter (LPF1.9).
wired in parallel to the diodewas to protect the pump-diode against any inductive surges
from the high-power DC power supply, which could occur when engaging the interlock.
Themost important parameter of the interlock was the response time. Ideally it would
be shorter than the upper-state lifetime of Yb, to minimise the time that the fibre could
remain pumped but un-seeded, and so reduce the risk of a Q-switch occurring. Each
stage of the interlock will now be introduced, before the results of the response time of
the system as a whole are presented.
4.5.4 Oscillator monitoring stage
A block diagram of the RF mixing stage is shown in Figure 4.14. It was effectively a self-
referenced homodyne detection system. PD1 (Thorlabs-D400FC) converted an optical
tap signal from the oscillator and converted it to an electrical signal. A low-pass filter
(LPF30 - Minicircuits BLP-30+) was used to remove the higher frequency Fourier com-
ponents from the PD signal, as the PD had a bandwidth of 1 GHz, and the fundamen-
tal oscillator frequency was only 28 MHz. A power splitter was then used (Minicircuits
ZFSCJ-2-1) to split the signal to arm 1 and arm 2 of the mixer.
Arm 1 consisted of two radio-frequency amplifiers (RFA - Minicircuits ZHL-32A and
CA2820), two attenuators (ATTEN - Minicircuits SAT-6 and SAT-7) and a LPF30. The
LPF30 helped to remove spurious higher frequency noise signals from the RF amplifier
chain. This combination of RF components provided a clean sinusoidal signal with a
power of 7 dBm to the local oscillator port of the frequency mixer (MIXER - Minicircuits
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ZAD-1). Arm 2 consisted of an RFA, two attenuators (Minicircuits SAT20 and SAT2) ,
another LPF30 to filter the amplified signal and a band-pass filter centered on 30 MHz
(BPF30 - Minicircuits BPP-30+). The BPF30 acted as the differentiating element in the
detection system ensuring that only the fundamental oscillator frequency component
would reach the RF arm of themixer. The signal power at the RF input port of theMIXER
was optimised to be 1 dBm. A piece of coaxial delay cable (DELAY) was placed in arm 2
tomatch the relative phase delay between the arms; this ensured amaximummixing sig-
nal at the output of the mixer. Any higher-order harmonics were then filtered out from
the output of the mixer by a low-pass filter centered at 1.9 MHz (LPF1.9 - Minicircuits
SLP1.9+).
The concept behind theRFmixerwas as follows. When the oscillatorwasmode-locked
at its fundamental frequency of 28 MHz, the two arms produced sinusoidal signals at
28 MHz that mixed in the RF mixer producing an output signal consisting of the mixed
components, f1¡ f2 and f1+ f2, where f1 Æ f2 Æ28 MHz. The LBF1.9 removed the sum-
frequency component, thus producing a DC voltage corresponding to the difference-
frequency component. If the oscillator dropped out, started multi-pulsing or even Q-
switching, then the signal from arm 2 would not pass through the BPF30 as the frequen-
cies would lie outside the pass-band of the filter. There would then be no signal at the RF
input of the mixer resulting in no output from the mixer. Therefore the mixing stage of
the interlock provided a DC voltage indicative of the mode-locking state of the seed os-
cillator. The DC output voltage was then passed to the digital logic stage of the interlock,
described in Section 4.5.5.
4.5.5 Signal power check and digital logic
The average power monitoring stage of the interlock consisted of the TIAC followed by
the digital logic control electronics. A circuit diagram of the TIAC is shown in figure 4.15.
The photodiode DET-210 was the same one indicated by PD3 (Thorlabs DET410) in Fig-
ure 4.13. The PD output was filtered through a bias-tee (HP-33150A) to remove the AC
components through the AC port, which was terminated with a 50 ­ terminator. The
DC component was amplified in an operational amplifier (IC1 - CA3140), with the gain
set by the feedback resistor R1 of 100 k­. The smoothing capacitor, C1 = 33 pF, was to
remove any high frequency noise across the op-amp. The signal was then inverted with
the use of (IC2 - CA3140), an inverting operational amplifier configuration with the gain
of 1 set by the feedback and input resistors (R2/3 = 100 k­ ). The smoothing capaci-
tor, C2 = 33 pF, performed the same role as C2. A variable optical attenuator (VA), was
used to ensure that the average power falling on the photodiode remained in the lin-
ear, i.e. unsaturated, regime. It was found that rather than having a variable resistor in
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Figure 4.15: Circuit diagram of the average power monitoring photodiode-
amplification (TIAC) stage of the interlock control system. Consists of an in-
verting transimpedence amplifier with the following components: photodiode
1 (PD1) biased at (-9V), bias Tee (HP-33150A), 50 ­ terminator (TERM), opera-
tional amplifiers IC1/2 (CA3140), power rails (§5 V), ground rails (GND), resis-
tors (R1/2/3 - 100 k­) and capacitors (C1/2 -33 pF).
the subsequent TIAC circuit to control the gain, it was better to have a fixed gain TIAC
which required a fixed level of light falling on PD3 to produce the required voltage for
the digital-logic stage. Thus, the PD could be kept in the linear regime (for PD3 this cor-
rosponded to · 1 mW of average power falling on the detector). If the user of the system
needed to change the input power to the amplifier, simple adjustment of the VA was all
that was needed to reset the threshold of the interlock system.
The TIAC was integrated into a compact (50x70x100 mm) die-cast box with coaxial
input/output ports for the PD signal/DC voltage out respectively. It was found that with
¼ 500 ¹W falling on PD3, the TIAC produced a stable DC voltage of¼ 0.5 V for the digital-
logic circuit. This DC voltage was then passed to the digital-logic control stage of the
interlock.
A circuit diagram of the digital-logic stage of the interlock is shown in Figure 4.16.
There were two branches to the circuit, one for the RF mixing input and one for the
average-power monitoring from the TIAC. Both branches were identical, other than the
settings on the variable resistors R3 and R4 used to control the gain on the first op-amps.
The circuit operated as follows: the input DC voltage was amplified by IC1/2 (CA3140)
with the gain set by (R1/R3 and R2/R4). This output was input to IC3/4 (MAX931), self-
referenced comparator chips with threshold voltages of 1.2 V. If the input to the chip
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Table 4.1: Measured and estimated delays for each section of the interlock
device, with the corresponding uncertainty for each.
Section Delay time (¹s) Uncertainty (¹s)
Average power check 55 (measured) -20
Oscillator check 75 (measured) -20
Transimpedence ampli-
fier (TIAC)
10 (estimated) §5
SSR 320 (manufacturer
quoted)
Max possible value
Other 5 §5 for cabling
Total 390/410 Max possible value
fell below this value, then the output of the comparator would go low (0 V). This was
inverted using V1/5 and V1/6 (SN7414), a logic inverting chip needed to provide the cor-
rect high/low input to the latch (HEF4043). The latch provided a low output if the cor-
responding reset pin was set to low. When the latch input went high, then the output of
the latch would switch to high. Only when the reset switch (S1) was depressed and the
input reset to lowwould the latch reset. The output of the latchwas then passed to a V2/3
(NOR gate - 74HCT02N) which provided the high output required to enable the SSR. If
either of the latches switched, then the output of the NOR gate would go low, resulting in
the SSR switching off. The LEDs (D1-4) provided indicator lights for the state of the in-
terlock, with the green LEDs indicating “good” mode-locking and average power levels,
and the red indicating a failure in either of these arms.
TheRF-mixing anddigital logic stageswere integrated into a compact (90£150£300mm)
die-cast box to provide a robust interlock solution and to help prevent interference from
stray electro-magnetic (EM) sources in the vicinity. The LEDs weremounted on the front
of the interlock box, along with the co-axial input/output ports and switches necessary
to use the device. Cooling fans were also mounted on top of the box to prevent the RFAs
from overheating. All the components in the box were insulated from the sides of the
box, either with thermally-conductive electrically insulating pads or plastic feet. This
ensured no ground-loops were set up between the components in the box and the out-
side environment. A similar approach was taken to the TIAC box. A common ground
was provided across the whole interlock system from one power supply to again help
alleviate ground-loop issues.
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Figure 4.17: Response timemeasurement of the oscillator arm of the digital-
logic circuit. A single-shot measurement taken with a HP-54610B 500 MHz os-
cilloscope. Black line shows the voltage measured from the photodiode, and
grey the control voltage at the output of the interlock system. Relative voltages
are unimportant.
4.5.6 Interlock system response time
The response time of the interlock-system was of paramount importance to protect the
NLCPA from self Q-switches. The interlock was made up of the control system (digital-
logic, RF mixing and TIAC) and the SSR. The SSR switching time was known and had a
manufacturer specified value of 0.32 ms, but the control system response time had to
bemeasured/estimated to determine the total interlock response time, essential for safe
operation of the NLCPA system.
It was not possible to measure the total system response, instead the individual con-
stituents were measured/estimated and an upper limit placed on the total system. Fig-
ure 4.17 shows an example of the response time measurements carried out. In this fig-
ure, the output voltage from the TIAC was split, half going to the interlock and half to
the oscilloscope channel 1, grey trace, and the output of the interlock was measured on
channel 2, black trace. By triggering the scope off the falling edge of the TIAC signal, it
was possible to switch off the oscillator current and observe the trace seen in Figure 4.17.
The time between the PD voltage beginning to fall and the interlock voltage switching
off could be taken as the upper limit on the time delay for a signal to propagate from the
TIAC to the interlock output. It was an upper limit as the threshold level for the inter-
lock to trigger will be at some unknown point on the PD curve. Thus the response time
of oscillator arm of the digital logic was estimated to ·75 ¹s. A similar measurement
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was carried out for average power monitoring arm. The results for the interlock system
response time are shown in table 4.1.
It must be stressed that the total response time of the interlock system, shown in Ta-
ble 4.1, was an upper limit of the response time of the system. The important conclu-
sion drawn from the measurements was that the SSR delay was the dominant contri-
bution to the overall delay. The measured values for the digital logic stages were slow
when compared to typical switching times for standard integrated circuits, but this can
be explained by the fact that the measurements are all upper limits, and not actual val-
ues. In reality, the interlock system is most likely quicker than the total delay mea-
sured/estimated.
4.5.7 Amplifier output
The core of the LMA amplifier had a very small NA of 0.03, making the coupling of light
into the fibre a difficult process. However, using the following steps a core mode could
be obtained with relative ease:
1. Couple a small amount of pump and signal light into the fibre (¼ 0.5 W) and opti-
mise the throughput power on both signal and pump sides.
2. Image the signal output onto a CCD camera and increase the pumppower (¼ 3W).
Adjust the signal coupling to obtain a mode on the CCD, through adjustment of
both the beam tilt and the lens position. Use the half wave plate on the signal
input as an diagnostic tool - as the fibre is polarising any “real" mode will change
significantly when adjusting the signal input polarisation conditions.
3. Once the beginnings of a mode are visible, use an aperture and a power meter on
the output side tomeasure core-light only. Optimise signal side coupling optics for
maximum core power.
4. Optimise the pump side optics formaximumsignal core-power asmeasured through
the aperture, before a final optimisation on the signal side.
Following the above stepsmeant a core-modewhich contained 97-99%of the total signal
power with a polarisation-extinction ration (PER) of between 15-25 dB could be readily
obtained.
Figure 4.18 shows results with the system running up to themaximum available pump
power of 60 W. The 975 nm power plotted in both Figure 4.18 (a) and (b) was the power
incident on the fibre face, taking into the account the 8% loss through the pump-steering
optics and the signal/pump combining dichroic mirror. The signal power was that mea-
sured directly out of the amplifier, i.e. the loss through the isolator on the output had
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Figure 4.18: (a) Amplified signal power for increasing 975 nm pump power
and the corresponding conversion efficiencies. (b) Gain curves for the LMA-
PCF amplifier, plotted on both dB and linear scales, with the transparency point
(in dB) indicated by the dashed black line. For (a) and (b) the input signal power
to the amplifier was 0.9 W.
been taken into account and the corresponding signal powers scaled by a factor of 1.08.
The conversion efficiency is plotted on the right hand axis of the same curve in the black
curve, the signal power is represented by the grey curve.
At amaximumpump power of 55.4W of pump power at the fibre face, 33.6W of signal
power was extracted corresponding to pump to signal conversion efficiency of 61%. Due
to the low quantum defect when pumping Yb at 975 nm, the conversion efficiencies for
the amplifier were high. The conversion efficiency was showing signs of saturating, but
is in the correct region for Yb-amplifiers, typically 60-80% [Pas97]. Higher conversion
efficiencies could be expected by operating at the peak of the gain of Yb, around 1030 nm.
Figure 4.18b shows the gain figures for the amplifier. The black points represent the
gain on a logarithmic scale, with the transparency point (0 dB) shown by the dotted black
line. The gain exceeded 15 dB, which is typical for a final stage power amplifier seeded
with a relatively high input power. It is interesting to also look at the gain on a linear
scale, shown in grey and plotted on the right hand axis of the same figure. It is clear that
the gain increased linearly with pump power, and showed no signs of saturating. This
indicated that, thermal issues aside, the average output power of the system (and hence
the pulse energy) could be increased through the use of a higher power pumpdiode. This
will be discussed further in section 4.7.
The spectral output of the amplifier at 25%, grey line corresponding to 3.5 W output
power, and 100%, black line corresponding to 33.6 W of output power, of the available
pump power is shown in Figure 4.19a. The 3 dB spectral bandwidth increased slightly
from 7.4 nm at 25% to 8.5 nm at 100% pump power. Some low level Raman power was
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Figure 4.19: (a) LMA-PCF amplifier spectral output. The inset shows the
peak of the signal on a smaller scale, to highlight the slight increase of spectral
bandwidth with increasing pump current.(b) The associated core mode taken
with a CCD camera at the maximum pump current of 14.0 A.
also generated but was over 50 dB down from the main peak. These effects suggest the
intensities in the amplifier were approaching the nonlinear limit of the fibre, and to scale
the power more would require pre-stretching of the pulses in the amplifier. This is dis-
cussed in more detail in section 4.7.
ACCD image of the collimated output beam from the amplifier is shown in Figure 4.19b.
The mode exhibited good Gaussian-like beam quality, with 98.4% of the average signal
power contained within themode. The PER wasmeasured to be 17 dB using a polarising
beam-splitter and a half-wave plate. TheM2 of the amplifier output wasmeasured using
a BeamMap silicon detector (BMH4XY250/Si), and was found to be M2<1.1 in the x and
y planes. The output of the amplifier had excellent beam quality and PERmaking it ideal
for use in the subsequent bulk-grating compression stage.
4.6 Compression stage
The output of the amplifier was then sent to the compression stage of the NLCPA sys-
tem. The grating separation was optimised by monitoring the intensity-autocorrelation
and compressed optical spectrum simultaneously, with the optimum grating separa-
tion found to be 4.5 cm, agreeing well with the calculated value of 4.3 cm. Intensity-
autocorrelation traces of the compressed pulses at half the total power out of the system
(9.0 W out of the compressor), (a) and (b), and full power out of the system (18.2 W out
of the compressor), (a) and (b), are shown in Figure 4.20. The uncompressed wings visi-
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Figure 4.20: Intensity autocorrelation traces of the compressed output from
the LMA-PCF amplifier, shown at half the maximum output power, (a) and (b),
and full power out of the amplifier, ((c) and (d). Pulse duarationsweremeasured
to be 365 fs at half power, and 350 fs at full power, with at least 70% of the energy
in the AC window contained in the pulses in both cases.
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ble in the autocorrelation traces are typical of pulses generated in NLCPA schemes, and
more generally high power compressor systems containing significant amounts of op-
tical fibre. The wings arise from two main factors: the nonlinear chirp profile present
at the edges of SPM broadened spectra, and from higher order dispersion contributions
to the chirp from the fibre components in the system. These higher order components
cannot be compressed through the use of a grating pair only possessing second order
dispersion.
The de-convolved duration of the compressed pulses varied in the range from 350-
370 fs, with 70-75% of the total energy in the autocorrelation window contained in the
fitted-pulse duration. The transform limited duration of the optical spectrumwas 140 fs,
the compressed pulses were approximately 2.5 times this value. The greatest peak power
of the source was 1.22 MW using the following measured values: a pulse duration of
350 fs, an average power out of the compressor of 18.2 W with 75% of this contained in
the pulse, a repetition rate of 28 MHz and a sech2 pulse shape. The calculated pulse
energy for these parameters was 0.49 ¹J.
Figure 4.21a shows the optical spectra at the output of the pre-amplifier stages, the
LMA-PCF amplifier and the compression stage. The pre-amplifier was operating in its
optimum regime as described previously, and the power amplifier was operating at full
pump power. The spectrum was broadened slightly in the power-amplifier stage, but
there was no spectral clipping on passing through the compressor. The corresponding
CCD image of the beam out of the compressor is shown in Figure 4.21b. The beam was
slightly distorted after passing through the grating-pair, but still exhibited goodGaussian-
like beam quality. The M2 of the compressor output was measured using the BeamMap
silicon detector to be M2 < 1.3 in both x and y planes. Thus, the output of NLCPA system
exhibited a high output beam quality, suitable for subsequent experimental applications
requiring tight focussing, e.g. coupling into small core fibres, nonlinear measurements
on materials etc.
4.7 Discussion
The original aim for the system was to reach ¹J level pulse energies for target experi-
ments; however the maximum achieved energy was < 0.5 ¹J. The compressed pulse du-
rations were over twice the transform limit of the available bandwidth, suggesting that
nonlinear effects and/or higher order dispersion were adversely affecting the compres-
sion. This section provides a brief discussion of changes to the current NLCPA system
architecture which could be implemented in order to improve the system performance.
Broadly speaking the improvements will aid either the shortening of the pulse duration
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Figure 4.21: (a)Optical spectral of the output of the pre-amplification stages
(blue), output of the LMA-PCF amplifier (green) and the compressor (red) at
maximumpower (18.2Wout of compressor). (b)TheCCD image corresponding
to the beam post-compression at maximum power.
or the scaling up the pulse energy.
The implementation of a pulse-picker was presented in Section 4.4.1. However it was
demonstrated that the system could not be operated at anything less than its fundamen-
tal repetition rate, due to excessive nonlinearities in the pre-amplifier stages. There are
two potential ways to alleviate this problem: either through the addition of a new pulse-
picker box which can select repetition rates between 5-28 MHz, the current box only be-
ing able to select · 5 MHz, and/or the replacement of the current fibre-integrated AOM
for a bulk AOM placed further upstream. Shifting the AOM to after the pre-amplifier
stages would mean less unwanted nonlinearity in both the pre-amplifiers as the whole
seed/pre-amplifier front-end would run at the fundamental repetition rate of the oscil-
lator.
One issue with a bulk pulse-picker would be the throughput loss of the device, due
to both the loss associated with the device (diffraction efficiency, reflections off surfaces
etc) and the loss in power due to the duty cycle reduction of the system when picking
down the repetition rate. Typically the intrinsic loss of a bulk AOM is ¼3 dB, and the
duty cycle reduction needed would be ¼8.5 dB (assuming repetition rate reduction from
28 - 4 MHz), thus giving a total loss of ¼11.5 dB. To still have enough power to seed the
power amplifier stage, the pre-amplifier stageswould need to deliver their full capacity of
4.5 W of signal power. As we have seen though, this was not possible due to nonlinearity
in the pre-amplifiers. Implementation of a piece of normally-dispersive polarisation-
maintaining stretching fibre between the two pre-amplifiers could be used to temporally
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pre-stretch the pulses before the second pre-amplifier, hence reducing the nonlinearity
in this amplifier whilst maintaining the all fibre format for the front-end.
Anothermodification to the systemwould be the replacement of the final pre-amplifier
with an amplifier with a LMA gain fibre. However such a change could prove costly, both
economically and in time taken to design and build, as it would involve the purchase of
gain fibre, pump/signal multiplexers, pump diodes, and the associated optics and opto-
mechanics. The benefits of using a commercially manufactured amplifier, such as ease
of use, stability, integrated power supplies etc, would be lost if the current IPG amplifier
was replaced.
One approach to scaling the average power, and hence pulse energy, would be replac-
ing the current 60 W 975 nm pump diode with a higher power version. The results taken
regarding the gain figure of the system, Figure 4.18, indicated that the slope of the am-
plifier gain, although decreasing, had not yet reached saturation point. The issue with
such an upgrade would be with the thermal management of the system. The fan on the
forced air-cooling system would need to upgraded to one with a larger air-flow, and the
TEC/chiller systemwould need to re-designed to handle the the increased thermal-load.
Non-linear effects in the power-amplifier stage could become an issue, but the introduc-
tion of a suitable piece of stretcher fibre could again circumvent this issue.
The current compressor has a relatively low throughput efficiency of¼60%,when com-
pared with current state of the art gratings with total throughput efficiencies exceeding
90% for a double pass configuration; see for example high power transmission gratings
available from companies including Jenoptik and Kaiser Optical Systems. Upgrading the
gratings to a higher efficiency pair would be an straightforward route to increasing the
average power from the system, and hence the pulse energy. The current gratings also
have some surface damage on them from previous use which is non-ideal; such dam-
age could be contributing adversely to the energy content contained within the pulse by
introducing distortion in the diffraction off each grating.
In the past two decades, there have been impressive results by making use of the so-
called parabolic-pulse or similariton regimes, whereby short pulses (typically on the or-
der of 100s of fs) are injected into high gain fibre amplifiers [Fer00, Kru00, Kru02, Dud07].
Provided the input pulse and amplifier parameters meet certain criteria, the pulse will
evolve asymptotically towards a parabolic self-similar pulse shape, i.e a shape that is sta-
ble with increasing power. The balance of nonlinearity, gain and dispersion maintains
the linear chirp across the pulse profile, resulting in highly compressible pulses at the
output. Recent demonstrations with this technique have reached the sub 40 fs regime
with >80Wof average power [Zha14], and sub 60 fs with >100Wof average power [Liu15].
With the addition of a set of gratings before the power amplifier to pre-chirp the input
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pulses, the current system could potentially be modified to work in this parabolic-pulse
regime.
4.8 Conclusions
This chapter has presented the implementation of a NLCPA scheme, designed to pro-
duce ¹J level femtosecond pulses at MHz repetition rates with 10s of Watts of average
power. The seed laser and the associated pulse picking electronics were introduced, but
in the current format the picking down of the repetition rate was found to be unfeasible
due to excessive nonlinearity in the pre-amplifier stages. The thermal issues surround-
ing the system were considered and solutions to the problems presented. The design,
testing and implementation of a robust and reliable interlock system for simultaneous
average power and oscillator monitoring has been demonstrated. The amplifier out-
put and compression state was presented, with the system producing a maximum of
0.49 ¹J 350 fs pulses, with an average power of 18.2 W corresponding to a peak power of
1.22 MW. The work presented herein represents the first phase of implementation of the
NLCPA system. Work is currently underway to increase the pulse energy of the output
through re-engineering of the front-end nonlinear amplification stages and associated
pulse-picking. The realisation of phase two of the system, the use of the system for ex-
periments involving nano-material characterisation and gas-filled fibre nonlinear optics,
is envisaged to take place over the coming year.
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This thesis has detailedwork onusing establishednonlinearwavelength conversion tech-
niques alongside novel and emerging fibre based technologies, to manipulate both the
spectral and temporal properties of fibre laser sources. The thesis detailed two main ar-
eas ofwork: fibre basedparametricwavelength conversion andnonlinear chirpedpulsed
fibre amplification. A brief summary of each, along with an outlook on future work both
within the group, and possible directions in the wider research community will now be
presented.
Parametric wavelength conversion
The first half of the thesis, Chapters 2 and 3, presented work carried out on FWM based
fibre laser sources. In Chapter 2, the two key elements to any fibre parametric source,
the pump source and parametric gain medium, were examined in detail. The phase-
matching conditions, essential for efficient parametric generation, were defined andmeth-
ods to calculate the phase-matched wavelengths were presented. Photonic-crystal fibre
was used throughout this thesis as the parametric gainmedium, due to the ease of which
the dispersion of such structures can be engineered. The pumping of PCFs in the low-
normal dispersion regime was found to be the most suitable for the generation of para-
metric sidebands located far away from the pump wavelength. Care had to be taken
however, to pump relatively close to the ZDW of the fibre in use, due to the rapidly de-
creasing phase-matched bandwidth whenmoving away from the ZDW.
Thephase-matchedbandwidth is of critical importancewhendesigning pump sources
for parametric generation. Different approaches to implementingnarrow-linewidthpulsed
fibre laser sources were investigated: active and passive mode locking of fibre lasers,
gain-switching of semiconductor laser diodes, and intensitymodulation of external-cavity
laser-diode sources. Mode-locking techniques were not suitable for parametric genera-
tion, due to the short duration of the pulses generated (passive) and the lack of wave-
length/duration/repetition rate tuning (both active and passive). Instead, the modula-
tion of semiconductor sources was chosen, both GS and intensity modulation, due to
the greater flexibility in the output parameters of these sources over their mode-locked
counterparts. The amplification of these pulsed sources in MOPFA schemes was intro-
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duced, along with the potential for frequency doubling of these MOPFAs using fibre in-
tegrated SHGmodules, developed in collaboration with Gooch & Housego.
Chapter 3 presented the experimental implementation of the ideas and sources dis-
cussed in Chapter 2. Three parametric systems were demonstrated, emitting anti-Stokes
radiation in the visible and near-visible spectral regions. In all cases, the combination of
highly flexible semiconductor based pump sources and the large frequency shifts avail-
able from FWM, led to the demonstration of flexible sources of radiation in an area of the
spectrum of interest for applications in both CARS and STEDmicroscopy [Got12, Hel94].
The systems presented in this thesis were bulk-fibre hybrid, but the full-fibre integration
of the sources is not inconceivable, and would make them more attractive for deploy-
ment outside of a research laboratory environment. The limitations of these sources,
namely the use of longitudinally varying PCF structures and the spectral linewidth of the
pump sources, was discussed.
Looking forward, there aremultiple avenues of interesting research for the parametric
research programme. The Stokes sidebands of the devicesmentioned above were largely
neglected in this thesis, due to both the diagnostic equipment available, and the initial
aim of the research being that of generating radiation in visible part of the spectrum.
However, the use of FWM to produce sidebands above the 2 ¹mwavelength range could
provide tunable sources of radiation in a spectral region of increasing interest for a wide
variety of applications, ranging from military countermeasures to stand-off gas detec-
tion techniques. An ongoing area of research, is the use of rare-earth doped double clad
PCF structures to create combined Yb-parametric amplifiers, in effect the combination
of the pump source and parametric gain medium into one fibre. Initial fibres have been
drawn by our collaborators and testing is underway to determine the feasibility of such
a concept.
In the wider research community, parametric generation in optical fibres continues to
be an active area of research. The general trend is towards the exploitation of established
conversion techniqueswith new technologies; notable examples include fibre integrated
sources for CARSmicroscopy [Che12, Bau12a], high power generation of visible andmid-
infrared light making use of LMA amplifiers and parametric gain fibres [Lav10, Jau12],
and more recently the use of higher order modes to access a larger phase-matching pa-
rameter space than is possible with single-mode operation fibres [Che13, Ste14, Dem15].
The power of FWM infibre as a technique to access newwavelength regions across awide
range of timescales is well proven. The continued evolution in laser technology over the
coming years and decadeswill provide researchers with the tools necessary to pursue the
development of novel fibre-based parametric sources.
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Nonlinear chirped pulsed fibre amplification
The other main area of work of this thesis was presented in Chapter 4: the implemen-
tation of a NLCPA system, designed for operation in the femtosecond regime, at MHz
repetition rates, with average powers of 10s of Watts and ¹J level pulse energies. The
system was commissioned for target applications involving novel-nanomaterial charac-
terisation experiments and gas-filled fibre nonlinear optics.
The individual components of the system, namely the seed oscillator, pre-amplifiers,
power amplifier and compression stages were all described in Chapter 4, and the prob-
lems and issues surrounding each introduced and discussed. At the time of writing this
thesis, the maximum pulse energy of the system obtained was 0.49 ¹J, with 350 fs dura-
tion pulses, at an average power of 18.2 W at a repetition rate of 28 MHz. The current
limitations on the system were primarily related to the high levels of unwanted nonlin-
earity when picking the repetition rate of the seed source down to increase the pulse
energy. However work on the system is ongoing, with the upgrades and improvements
discussed in section 4.7 underway. In particular, the introduction of suitable stretch-
ing fibres to increase the seed pulse duration before amplification, and the shifting of
the pulse-picker further upstream to reduce the total nonlinearity acting in the system’s
front-end. Once these modifications have been made, it is envisaged that the system
will be a valuable tool for future experiments both within the group, and with external
collaborators.
In the wider research community, the use of large-mode area Yb-doped PCF and PCF-
rod amplifiers is now awell established route to producing high average power femtosec-
ond durationMW-GW peak power sources [Eid11, Joc12]. Such sources are beginning to
provide scientists in both academic and industrial settings access to pulse energies and
average powers previously impossible with fibre based systems, and importantly, with
high wall-plug efficiencies and relatively small system footprints.
The highest power fibre amplifier systems based on Yb-doped LMA-PCF or PCF-rod
technology are now reaching their fundamental limits in terms of power scaling for single
fibre systems, due to the effects of both self-focussing and high-power modal instabili-
ties [Jau13]. Current efforts to further increase the power scaling of these fibre amplifier
systems generally involve coherent combination techniques [Kle13, Kle14, Gui15]. These
involve splitting a seed oscillator and amplifying it many times in separate amplifica-
tion fibres, then coherently recombining the amplified pulses to form one giant pulse.
This technique has been proposed as a a potential candidate for the next generation of
particle accelerators, with initial experiments aimed at producing a 10 J 10 kHz proof-
of-principle system [Mou13]. It remains to be seen whether such an ambitious goal of
coherently combining 104 femtosecond fibre amplifiers can be reached.
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Outlook
The optical fibre has come a long way since its initial demonstration just under half a
century ago: from a simple waveguide for communications purposes, to providing the
elements which piece together the high-power fibre lasers now extensively deployed in
the manufacturing industry world over, and now to proposals for providing the infras-
tructure for the next generation of particle accelerators to probe the fundamental con-
stituents of matter. The work presented herein has highlighted a small amount of the
huge variety of techniques available when using fibre based technologies as the building
blocks for creating novel laser sources. By combining established nonlinear conversion
techniques with novel and emerging technologies, it is hoped that this thesis has con-
tributed in some small way to the field of laser science.
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The following is a list of acronyms used throughout this thesis, presented in alphabetical
order. Throughout the body of the text, the acronyms are defined once in their position
of first use, then not again; except in figure captions where they are defined for every
occurrence:
AML - Actively Mode-Locked
AOM - Acousto-Optic Modulator
AR - Anti-Reflection
ASE - Amplified Spontaneous Emission
CARS - Coherent Anti-Stokes Raman Spectroscopy
CPA - Chirped Pulse Amplification
CW - Continuous-Wave
DFB - Distributed FeedBack
DFG - Difference-Frequency Generation
ECLD - External-Cavity Laser-Diode
EDFA - Erbium-Doped Fibre Amplifier
Er - Erbium
FBG - Fibre-Bragg Grating
FEM - Finite-Element Analysis
FOPA - Fibre-Optic Parametric Amplifier
FOPC - Fibre-Optic Parametric Converter
FOPO - Fibre-Optic Parametric Oscillator
146
References
FPC - Fibre-Polarisation Controller
FWHM - Full-Width at Half Maximum
FWM - Four-Wave Mixing
GS - Gain-Switching
GVD - Group Velocity Dispersion
HWP - Half-Wave Plate
IM-LD - Intensity-Modulated Laser-Diode
IR - Infra-Red
Kr - Krypton
LCPA - Linear-Chirped Pulse Amplification
LD - Laser-Diode
LMA - Large-Mode Area
MFD - Mode-Field Diameter
MLL - Mode-Locked Laser
MOPA - Master Oscillator Power Amplifier
MOPFA - Master Oscillator Power Fibre Amplifier
MI - Modulation Instability
MTIR - Modified Total Internal Reflection
MZAM - Mach-Zehnder Amplitude Modulator
NA - Numerical Aperture
Nd - Neodymium
NLCPA - Nonlinear-Chirped Pulse Amplification
OPA - Optical Parametric Amplifier
OPC - Optical Parametric Converter
OPO - Optical Parametric Oscillator
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OSA - Optical Spectrum Analyser
PBG - Photonic Band-Gap
PC - Polarisation Controller
PD - Photodiode
PCF - Photonic Crystal Fibre
PER - Polarisation Extinction Ratio
PM - Polarisation-Maintaining
PML - Passively-Mode Locked
PPLN - Periodically Poled Lithium Niobate
QPM - Quasi-Phase Matching
QWP - Quarter-Wave Plate
SBS - Stimulated Brouillion Scattering
SEM - Scanning-ElectronMicroscope
SESAM - Semiconductor Saturable Absorber Mirror
SFG - Sum-Frequency Generation
SHG - Second-Harmonic Generation
SPM - Self-Phase Modulation
SRS - Stimulated Raman Scattering
SSR - Solid State Relay
STED - Stimulated Emission Depletion
TIAC - TransImpedence Amplifier Circuit
TFBG - Tunable-Fibre Bragg Grating
TIR - Total Internal Reflection
UV - Ultra-Violet
XPM - Cross Phase Modulation
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Yb - Ytterbium
YDFA - Ytterbium-Doped Fibre Amplifier
ZDW - Zero-Dispersion Wavelength
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